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Polycrystalline silicon on glass is a possible thin-film material for photovoltaic 
applications. This thesis performs a detailed experimental investigation of the 
impacts of two post-crystallisation process steps (rapid thermal annealing (RTA) and 
hydrogenation) on the electrical properties of poly-Si on glass diodes. Prior to the 
post-crystallisation process studies, a home-built suns-VOC system is designed and 
built to measure the open-circuit voltage (VOC) of the superstrate-configuration solar 
cells. The system is able to perform measurements over an area of up to 25 cm × 35 
cm and with a spatial non-uniformity of about 3 % at 1 Sun and 0.1 Sun. 
 
The optimum RTA peak temperature for planar poly-Si cells is determined to be 
about 1000 ºC. The highest average VOC obtained in this work is 471 mV and it 
corresponds to the lowest sheet resistance. As the RTA temperature increases from 
900 to 1000 ºC, the p-n junction location shifts by 0.55 m into the absorber layer. 
 
By optimising the hydrogenation process in a reactor with four linear microwave 
plasma sources, the lateral non-uniformity of the VOC is reduced to less than ± 3 % 
over an area of 400 cm2. The optimum hydrogenation results are obtained using a 
hydrogenation temperature of about 480 C, a microwave power of about 1000 W for 
each of the four microwave generators, a gas flow rate of 30 sccm for Ar and 90 
sccm for H2, and a low process pressure of less than 0.07 mbar.  
 
In addition, we apply the electrochemical capacitance-voltage (ECV) 
measurement technique to measure the doping concentration profile of poly-Si thin-
film diodes on glass. We find that the ratio of ECV to Hall average doping 
concentration for most of the investigated poly-Si films is in the range of 1.6 to 2.2. In 
addition, we find that the ECV measurements on textured poly-Si thin-film diodes on 
glass are affected by several measurement artefacts. 
 
Finally, cross-sectional electron beam-induced current measurements reveal 
that the p-n junction of the samples made on textured glass is disrupted and non-
conformal due to the texture features. In addition, we find voids inside and near/at the 
air-side surface of the textured samples. We also show that the textured samples 
have a reduced hydrogen diffusion path during the hydrogenation process as 
compared to the thickness of the samples. 
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CHAPTER 1 -  INTRODUCTION 
1.1 The Need for Renewable Energy 
 
In the past three years, we have witnessed two important events that will 
potentially change our attitude in relation to the environment. In 2010, the world 
witnessed one of the largest marine oil spills in the history of the petroleum industry 
[1]. The Deepwater Horizon oil spill (also known as BP oil spill) has caused extensive 
damage to marine habitats, as well as the fishing and tourism industries. BP workers 
were scrambling to cover the oil well which by May 2010 was gushing tens of 
thousands of barrels of oil into the sea every day.  
 
In 2011, the world was shocked by the news about the catastrophic damage to 
the Fukushima Daiichi nuclear plant, Japan, as a result of the earthquake and 
tsunami that hit the east coast of Japan. The country put this accident on a level 7 of 
the International Nuclear Event Scale, on par with the Chernobyl event of 1986. The 
consequences of Chernobyl were catastrophic, killing more than 10,000 people, 
forcing tens of thousands homeless, and extensive long-term economic, social and 
tourism damages [2].  
 
Fossil fuel has been the motor behind our industrialization in the past 200 
years. It has fuelled the economic growth of the world. As a result, it has directly and 
indirectly improved our lives in many aspects. However, one fact is certain: Fossil 
fuel is not limitless. It is also agreed by many that burning fossil fuels is one of the 
main causes of global warming. In addition, the U.S. Energy Information 
Administration (EIA) projected a 53 % increase in energy consumption from 2008 to 
2035 [3]. With increasing energy demand, limited supply of fossil fuels and the threat 
of the consequences from global warming, one thing certainly needed is an 
alternative way of electricity generation that is safe and renewable.  
 
1.2 The Case of Photovoltaic electricity 
 
One of the attractive features of photovoltaic (PV) solar energy is the possibility 
to deploy PV modules almost anywhere on the planet to convert sunlight into 
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electricity. In addition, the supply of solar energy from the sun is more than enough to 
cope with mankind’s increasing demand of electricity [4].  
 
The installations of PV modules have increased tremendously in the past 10 
years, which has led to enormous reductions of the cost of solar electricity. At the 
end of 2011, more than 69 GW of PV capacity were installed worldwide [5]. PV is 
now the third-most important renewable energy in terms of globally installed capacity, 
behind hydropower and wind power. Over the last 30 years, the cost to produce PV 
modules has decreased by about 22 % for every doubling in production capacity [6]. 
The average generation cost of PV electricity has now dropped to about 15 
Eurocent/kWh in Germany, the world’s leading PV market (~34 GW installed PV 
capacity at the end of 2012). Moreover, the energy payback time of crystalline silicon 
based PV systems has reduced to about 1-3 years, depending on the geographical 
location and the solar irradiation. All in all, the dollar per watt peak ($/Wp) curve for 
PV modules shows a decreasing trend. In other words, the cost of solar electricity is 
getting cheaper.  
 
However, there is still a lot of work to be done in terms of proliferation and 
adaptation of solar electricity. In most parts of the world, the cost of using PV 
modules to generate electricity is still more expensive than using conventional 
sources of electricity, such as coal and natural gas. With potentially severe 
consequences of climate change looming, there is an immediate need to achieve 
cost parity as soon as possible. With only about 0.1 % of the world’s electricity 
coming from PV in 2010 [7], the cost of PV cells, modules and systems has to 
decrease further and the efficiency has to improve further. 
 
1.2.1 PV Technologies 
1.2.1.1 Silicon Wafer based solar cells 
Silicon wafer solar cells (both mono- and multicrystalline) represent about 90 % 
of today’s global PV market. Silicon wafer solar cell technology comes in different 
variants, each with its specific design and manufacturing advantages. The world 
record cell efficiency of 25.0 % is currently held by the University of New South 
Wales (UNSW), using the ‘passivated emitter rear locally diffused’ (PERL) cell 
design [8]. The highest industrial c-Si wafer solar cell efficiencies are presently 
obtained by Sunpower (24.2 % using an n-type all-back-contact homojunction solar 
cell design [9]) and Sanyo (23.7 % using a heterojunction with intrinsic thin layer 
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(HIT) cell design on n-type wafers [10]). Commercial PV modules have an efficiency 
in the range of 15-20 %, depending on the cell technology. 
 
Some of the research work going on in PV focuses on reducing the fabrication 
cost of silicon wafer solar cells. One of the ways to achieve this is to reduce the cost 
of the starting material. The currently ~180 μm thick silicon wafers used for the 
fabrication of solar cells account for 40-50 % of the costs at the PV module level [11]. 
There is a trend of going to thinner wafers, to reduce the cost. In addition, there is 
also wastage of silicon when sawing the silicon blocks into silicon wafers (also called 
the kerf loss). Reducing the kerf loss will also increase the utilisation of the silicon 
ingot. 
 
1.2.1.2 Thin-film solar cells 
Another way to achieve lower materials cost is to directly deposit a thin solar 
cell (about 1-5 μm) onto a foreign substrate such as glass or a metal sheet 
(aluminium and steel). The films can be deposited by chemical vapour deposition 
(CVD), physical vapour deposition (PVD) or solution-based processing. These 
devices are broadly termed as thin-film solar cells [12]. Generally, thin-film PV 
modules have significantly lower efficiencies than silicon wafer based modules. 
Industrial CdTe modules from the leading manufacturer (First Solar) now have an 
average efficiency in the 12-13 % range, while industrial CuInGaSe (CIGS) modules 
now have average efficiencies of about 13-14 % [13]. However, the scarcity of the 
tellurium (Te) and indium (In) will put a ceiling to the long-term growth of these 
technologies. Green [14] recently compiled the data on the global availability of 
tellurium and indium. He concluded that, with projections by the German Advisory 
Council on Global Change (WBGU) of 30 GW/year production by 2020, it is likely that 
technologies relying heavily on Te and In will have difficulties to maintain their market 
shares beyond 2020.  
 
Although the above-mentioned thin-film technologies are generally safe (except 
for CdTe) and renewable, they are not sustainable. One technology that is safe, 
renewable and sustainable is silicon-based thin-film solar cells with silicon being the 
second-most abundant material in the Earth’s crust. While amorphous silicon (a-Si) 
has been in the PV market for 3 decades, its efficiency using a single-junction 
structure is not high enough to be competitive. One way of boosting the efficiency is 
to combine an a-Si cell with another silicon based material such as nanocrystalline 
4 
 
silicon (nc-Si or c-Si) or a silicon-germanium (SiGe) alloy to form a tandem solar 
cell. The best-performing module has an a-Si/a-SiGe/a-SiGe tandem cell with 
stabilized efficiency of 10.4 %, fabricated by the company United Solar Systems 
Corporation (USSC) [15]. The world record cell efficiency was achieved by 
LG Electronics on 1 cm2 area in 2012 with a tandem structure of a-Si/c-Si/c-Si with 
stabilised efficiency of 13.4 % [16].  
 
Another way of improving the a-Si solar cells is to crystallise the film to form 
polycrystalline silicon (poly-Si). Single-junction polycrystalline silicon (poly-Si) thin-
film solar cells have the potential of achieving a conversion efficiency of more than 
13% using a simple solar cell structure. The best poly-Si thin-film solar cells achieved 
so far were made by CSG Solar, with an efficiency of 10.4 % for a 94-cm2 mini-
module in 2007 using glass as superstrate [17]. The poly-Si on glass technology has 
the potential to reach low fabrication costs due to several advantages, such as the 
use of relatively inexpensive large-area glass substrates and monolithic series 
interconnection of the solar cells to form a solar module. A distinct advantage over all 
other existing thin-film solar cell technologies is that it does not require a transparent 
conductive oxide on the front or rear surface due to its high lateral conductance, 
providing significant cost advantages. The technology itself is still not yet fully 
understood and developed. The interplay between defects in the material and the 
device performance still needs more research work. Different crystallisation 
techniques (such as solid phase crystallisation SPC [18, 19] and laser crystallisation 
[20]) have its own advantages and disadvantages and it is still not clear which 
technique will potentially yield a 13 % efficient cell.  
 
1.3 Thesis Layout 
 
In Chapter 1, today’s most important PV technologies are briefly described, 
followed by a discussion of the challenges facing poly-Si thin-film solar cells.  
 
In Chapter 2, the background on poly-Si thin-film solar cells is discussed in 
some detail. Various approaches to fabricate poly-Si thin-film solar cells are 
presented, as well as the achieved PV efficiencies. Then, the fabrication process 




In Chapter 3, the Suns-VOC characterisation method is described. Due to the 
non-availability of commercial Suns-VOC testers for large samples (up to 25 cm × 35 
cm), the author developed a system capable of measuring large-area samples in the 
superstrate configuration. The details of the design and the uniformity test results are 
discussed. The plot of the pseudo fill factor versus the open-circuit voltage is 
introduced to evaluate the poly-Si thin-film diode quality. 
 
In Chapter 4, a linear microwave plasma source is used to hydrogenate large-
area poly-Si thin-film solar cells on glass. The impact of various process parameters 
on the VOC is investigated using the Suns-VOC method. In addition, the hydrogen 
plasma characteristics are also studied using optical emission spectroscopy. The 
uniformity of the hydrogenation and the concentration as a function of poly-Si 
thickness are also discussed.  
 
In Chapter 5, the electrochemical capacitance-voltage (ECV) method is used to 
measure the doping concentrations of poly-Si thin-film solar cells on glass. The 
doping concentrations obtained by the ECV method are compared to the results 
obtained with the classical Hall effect method. The one-dimensional semiconductor 
device simulator PC1D is also used to evaluate the impact of doping concentration 
variations on the device properties. Finally, some issues of ECV measurements on 
textured samples are discussed.  
 
In Chapter 6, the impact of the rapid thermal annealing (RTA) temperature on 
the device properties is investigated on both planar and textured samples. The 
measured sheet resistances (RSheet) are also compared to calculated RSheet values 
using a model proposed in the literature.  
 
In Chapter 7, cross-sectional scanning electron microscopy (SEM) imaging and 
electron beam induced current (EBIC) mapping are combined to characterise both 
planar and textured poly-Si thin-film solar cells on glass. Then, the p-n junction 
locations obtained by the EBIC and ECV methods are compared.  
 
Chapter 8 summarises the work of this thesis, presents the author’s original 
contributions and makes recommendations for future work on poly-Si thin-film solar 
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CHAPTER 2 -  BACKGROUND, FABRICATION AND 
CHARACTERISATION OF POLYCRYSTALLINE 
SILICON THIN-FILM SOLAR CELLS 
2.1 Background and Current Status 
 
The most efficient polycrystalline silicon (poly-Si) thin-film mini-module on glass 
was achieved by CSG Solar in 2007, with a VOC of 492 mV per cell, JSC of 29.7 mA 
cm-2, an FF of 72.1 %, and an efficiency of 10.4 %. Since this achievement in 2007, 
researchers working on thin-film poly-Si have been using the results obtained by 
CSG Solar as a benchmark to improve their respective thin-film poly-Si solar cells 
device properties. The standard process of CSG Solar involves the PECVD 
deposition of barrier layers (silicon nitride and silicon oxide) and n+/p-/p+ amorphous 
silicon layers [1], followed by a solid phase crystallisation process to transform 
amorphous silicon to polycrystalline silicon [2]. Subsequently, rapid thermal 
annealing and remote in-line hydrogenation (HYD) were used to anneal and 
passivate defects, respectively [3]. The metallisation process consists of several 
process steps involving laser scribing, inkjet printing to form contact vias and 
sputtering of Aluminium (Al) [4-7]. CSG Solar has performed various experiments 
and optimised their processes to further improve the efficiency of its poly-Si thin-film 
solar cells on glass [8]. Most of the improvements are related to increasing the JSC of 
the solar cells. One of the methods used is to deposit an additional 100 nm thick SiOx 
barrier layer in addition to the existing SiNx layer on the bead-textured glass 
substrate. The front side of the glass was also textured using sand blasting method 
followed by 60 minutes HF etching to reduce the reflectance and improve the JSC. 
Other texturing method such as abrasion-etch was proven to be superior to the CSG 
Solar bead-coating method and has led to a record JSC of 29.5 mA/cm
2. 
 
One way of classifying different poly-Si thin-film solar cell technologies is by the 
temperature stability of the substrate: Low temperature (< 450 C), intermediate 
temperature (450-700 C) and high temperature (> 700 C) [9]. Currently, there exists 
no method that is able to produce poly-Si thin-film solar cells with reasonable 
efficiency with the low-temperature (low-T) approach. CSG Solar achieved the 
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highest efficiency for poly-Si thin-film solar cell on glass using textured borosilicate 
glass in combination with the intermediate-temperature (intermediate-T) approach. A 
notable high-T approach is investigated by researchers at IMEC, Belgium. A seed 
layer is first fabricated using the aluminium-induced crystallisation (AIC) technique on 
an alumina substrate. Subsequently, high-temperature (above 1000 C) thermal CVD 
is used to epitaxially grow the p+ doped back surface field (BSF) layer and the p-type 
absorber layer of the solar cells. Then, the n-type emitter is formed by depositing n-
type amorphous silicon (a-Si) to form a heterojunction solar cell. Prior to the 
deposition of the emitter layer, the poly-Si is textured to improve the light trapping 
properties. Solar cells with 8 % efficiency have been achieved by the IMEC group, 
with a VOC of about 534 mV, a JSC of 20.7 mA/cm
2 and a FF of 73 % [10]. 
 
Using the intermediate-T approach, researchers at the University of New South 
Wales (UNSW), Australia, have explored various techniques of fabricating poly-Si 
thin-film solar cells on glass for more than a decade. Starting with a piece of glass as 
a substrate, the thin film is either grown by plasma-enhanced chemical vapour 
deposition (PECVD) or electron-beam (e-beam) evaporation of amorphous Si. For 
the AIC seed layer approach, the film is subsequently grown by the evaporation of a-
Si, or poly-Si film is directly grown using the ion-assisted deposition (IAD) technique. 
After the deposition of the a-Si, the films are crystallised by thermal annealing. The 
process is called solid phase crystallisation (SPC), or solid phase epitaxy (SPE) for 
the seed layer approach. The flow-chart summary of the intermediate-T approach is 
shown in Figure 2.1. A review of the progress of poly-Si thin-film solar cells can be 
found in Refs. [9, 11]. 
 
The e-beam evaporation method for amorphous silicon deposition has a much 
higher deposition rate (up to 1 m/min) and potentially lower equipment cost 
compared to the PECVD method [12, 13]. Recently, researchers at UNSW took 
advantage of the high deposition rate of e-beam evaporation by combining n+ emitter 
layers grown by the PECVD method with the absorber and BSF layers grown by 
e-beam evaporation [14]. Tao et al. studied the impact of increasing the SPC 
temperature on the device properties. Increasing the SPC temperature shortens the 
crystallisation incubation time, which in turn shortens the overall process time 
required for fabricating the solar cells. With this hybrid cell and SPC temperature at 
640 C, a VOC of 455 mV and a JSC of 14.1 mA/cm





Figure 2.1. Various paths of fabricating poly-Si thin-film solar cells on glass substrates at UNSW [9, 11]. 
 
Another promising intermediate-T approach is to epitaxially (or hetero-
epitaxially) grow thin-film crystalline silicon on a seed layer [15-19]. The seed layer 
can, for example, be grown on a foreign template layer that was deposited onto a 
glass substrate. Teplin et al. reported voltages up to 574 mV and PV efficiencies up 
to 6.8 % using the seed layer method [16]. Crystalline Al2O3 was often used as a 
buffer in their work.  
 
In recent years, another innovative variation to the above mentioned methods 
is to grow the poly-Si on a transparent conductive oxide (TCO) of ZnO:Al done by 
researchers at Helmholtz Zentrum Berlin (HZB) [20, 21]. The use of TCO could 
potentially reduce the complexity of the current state of the art metallisation process 
used by the CSG Solar. It was also found that the ZnO:Al layer enhances the 
nucleation and hence the time required to form poly-Si is reduced [22]. The HZB 
approach has yielded solar cells with a VOC of up to 380 mV and a JSC of up to 9.4 
mA/cm2.  
 
More recently, a more fundamental research was carried out to crystallise the 
amorphous silicon using electron beam (e-beam) or laser beam. The progress shows 
some promising results of improvement in the material quality. Haschke et al. [23] 
reported the best cell efficiency of 5.7 % with a VOC of 558 mV, a JSC of 16.0 mA/cm
2 
and a FF of 63.7 % with the electron-beam crystallisation method. The solar cell was 
fabricated on a glass substrate, with silicon carbide (SiC) as an intermediate layer 
between the glass and the active silicon material. The absorber thickness is about 10 
m and the solar cell has an n-type a-Si film deposited to form a heterojunction solar 
glass substrate








cell. The maximum VOC of about 582 mV can be obtained by applying an additional 
RTA step after the crystallisation of the absorber. In 2013, Dore et al. [23] reported a 
best cell efficiency of 11.7 % with a VOC of 585 mV and a JSC of 27.6 mA/cm
2 with the 
laser diode crystallisation method. The n-type emitter was formed by coating a 
phosphorus source onto the silicon surface and driving it in by rapid thermal 
annealing at about 900 ºC. There was a hydrogenation step used as post-
crystallisation treatment in the reported work. The solar cell has stacks of three 
intermediate layers SiOx/SiNx/SiOx doped with boron prior to the evaporation of the 
absorber layer. The VOC is the highest reported so far for poly-Si thin-film solar cells 
on an inexpensive substrate. However, the reported device size is relatively small (~ 
1 cm2) and the cell efficiency suffers from a short-term reversible degradation effect 
whereby the VOC dropped from 585 mV to 572 mV within 10 days from the final 
contact baking step. The VOC was then recovered by an additional bake. The best 
stabilised efficiency was 10.4%. The scalability issues of these two methods (e-beam 
and laser beam crystallisation techniques) of fabricating poly-Si remain to be solved. 
The manufacturing cost and throughput have to be taken into account as well, 
despite the high VOC. 
 
2.2 Challenges for the Progress of Poly-Si Thin-film Solar Cells 
on Glass 
 
To achieve > 13 % PV efficiency, the required values of JSC, VOC and FF are at 
least 32 mA/cm2, 550 mV and 75 %. As for the JSC, CSG Solar has achieved 29.5 
mA/cm2 using a 1.4 µm thick poly-Si thin-film solar cell on an abrasively textured 
glass pane [9]. The UNSW-developed aluminium induced texturing (AIT) method has 
pushed the light trapping properties of the film close to the Lambertian absorption 
limit [10].  
 
However, the VOC of single-junction SPC poly-Si thin-film cells is not 
impressive, with commonly observed values of about 400-500 mV and in some cases 
values of slightly above 500 mV. In the study by Rau et al. [24], the highest VOC of 
556 mV was obtained. For high efficiency, the VOC needs to be above 600 mV. Prior 
to the hydrogenation, the presence of many defects at the grain boundaries and 
within the grains reduces the lifetime of the minority carriers. Thus, the VOC of 




Debate has also been going on what are the factors that limit the VOC. 
Researchers at IMEC have shown that the grain size has little impact on the VOC, 
with samples having similar VOC of about 475 mV for various grain sizes in the range 
of 10 to 50 µm using the high-T approach [25]. This seems to suggest that the 
defects at the grain boundaries may not be limiting the VOC for large-grained (> 10 
µm) poly-Si solar cells. The defects within the grain such as dislocations and metal 
impurities appear to limit their VOC. Such defects are generally termed as intra-grain 
defects. In addition, Carnel et al. compared poly-Si thin-film solar cells fabricated by 
various companies and research institutes. The comparison shows that there is no 
correlation between grain size and the solar cell’s VOC for grain size range of 0.01 to 
100 µm [26]. In the paper by Gestel et al., combined scanning electron microscope 
(SEM) and electron beam induced current (EBIC) imaging techniques reveal the 
presence of electrically active defects within the grain [27] in the AIC-based poly-Si 
thin-film solar cells on alumina substrate. One of their findings is that the 3 grain 
boundary is electrically active, contradicting the conventional observation. The 
electrically active 3 is possibly due to the aluminium contaminations from the seed 
layer formation. Intentionally contaminating multicrystalline Si wafers with iron has 
also been found to cause 3 to be electrically active [28, 29].  
 
Fehr et al. [30] performed quantitative electron paramagnetic resonance (EPR) 
measurements on e-beam deposited a-Si films on glass substrates which were later 
crystallised using the SPC method and correlated the EPR results to the VOC 
measurements of the solar cells. The results show a correlation between VOC and the 
defect density with samples subjected to SPC+RTA+HYD having the lowest defect 
density as compared to the samples subjected to SPC, SPC+RTA and SPC+HYD. 
With the numerical device simulations supported with experimental data, it was 
concluded that paramagnetic deep defects are dominating the device performance. 
For large grains (> 2 m), the author found that intra-grain defects are more 
dominant over the grain boundary defects and limit the solar cell performance.  
 
Fill factor prior to metallisation (i.e., after the hydrogenation process) gives 
useful information about the quality of the diode and the RSH as well. This fill factor is 
commonly termed as pseudo fill factor (pFF) and will be discussed in some detail in 
Chapter 3. As for the fill factor (FF), it is analysed after the cell has been metallised. 
Metallisation process will influence the series resistance (RS) and the shunt 
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resistance (RSH). Research on the large-scale metallisation process is still lacking. 
CSG Solar has developed metallisation process that relies on inkjet printing to etch 
the poly-Si active materials to access the bottom n+ emitter layer. Gress et al. [31] 
developed metallisation process based on dry etching and wire-bonding techniques. 
Innovative method of metallisation is needed to reduce the cost and processing steps 
of current metallisation process.  
 
Determination of dopant concentration profiles and p-n junction location is 
crucial for the development of efficient poly-Si thin-film solar cells on glass. The 
determination of the junction location is one of the challenges in the fabrication of 
poly-Si thin-film solar cells. Previously, the exact position of the junction was not 
easily determined and sometimes there was ambiguity about the junction location for 
a particular technology. For example, CSG Solar reported that the p-n junction is 
located near to the glass/silicon interface of their poly-Si diodes [3, 8], whereas 
Werner et al. [32] concluded from electron-beam induced current (EBIC) 
measurements that the p-n junction of CSG Solar’s cells was actually located near to 
the silicon/air interface of the solar cell structure. For thin-film solar cells in 
superstrate configuration, having a p-n junction that is close to the glass-side 
interface of the cell, will improve the blue response. However, cross contamination of 
dopant gases during PECVD as well as high-temperature processes (such as the 
RTA process) can cause dopant smearing and shifting of the junction deeper into the 
solar cell, potentially reducing the solar cell efficiency. Hence an inexpensive and 
quick doping profiling method is needed to improve the process control and to control 
the doping profiles in order to improve the cell’s efficiency and process robustness.  
 
On top of improving the device performance, it is also worth mentioning that 
increasing substrate size also needs to be considered in the research and 
development of poly-Si thin-film solar cells. Being able to scale up the size of the 
substrate will drive down the fabrication cost. However, processing on large area 
substrates would also mean that process equipment or method needs to be able to 
scale up and process large area samples uniformly. For example in this thesis, we 
explored the application of linear microwave plasma source as a method to generate 
hydrogen plasma on a large area. In addition, characterization tools also need to be 
developed to measure large area samples quickly to obtain statistical results. One of 
the outcomes of this thesis is to design a Suns-VOC tester that can measure large-
area samples in the superstrate configuration. In addition, there are other important 
challenges of scaling up which are not discussed in this thesis. Some of these 
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challenges are obtaining uniformly textured glass, depositing uniform a-Si on planar 
and textured substrates, reducing warping of substrates during SPC process, 
reducing formation of cracks due to thermal-induced stress during RTA process and 
obtaining uniform metallisation process. 
 
2.3 Fabrication of Poly-Si on Glass Solar Cells 
 
The cell fabrication process used in this thesis is similar to the one used by 
CSG Solar [8]. An about 70 nm thick SiNx layer was first deposited by the PECVD 
method onto a 3.3 mm thick planar or textured borosilicate glass substrate of size 
30×40 cm2. For the textured samples, the silicon-facing surfaces of the glass sheets 
were textured with the AIT method [33, 34], giving a texture feature size in the range 
of about 1-5 µm. The SiNx layer acts as an antireflection coating and a diffusion 
barrier to impurities in the glass substrate. The deposited SiNx layer has a typical 
refractive index of about 2.0 and thickness of about 70 nm. Then, an about 2 µm 
thick a-Si precursor diode was deposited by PECVD. The a-Si diode was fabricated 
by depositing an about 100 nm highly doped n-type emitter layer (> 1019 cm-3), 2 µm 
lightly doped p-type absorber layer ( 1015 cm-3) and 100 nm highly doped p-type 
BSF layer (> 1018 cm-3). The n-type doping layer was obtained by flowing SiH4 and 
PH3 gas precursors at the same time and the p-type doping layer was obtained by 
flowing SiH4 and B2H6 gas precursors during the PECVD process. A SiOx layer was 
deposited on the poly-Si film to act as a barrier layer for impurities from the ambient 
during the SPC and the RTA processes. The SiOx layer was etched off (in 5 % HF 
solution) prior to the hydrogenation process, to ensure a more efficient hydrogenation 
of the poly-Si diode. The typical sample structure was glass/70 nm SiNx/100 nm n
+ Si 
(emitter layer)/2 µm p- Si (absorber layer)/100 nm p+ layer (BSF layer)/100 nm SiOx. 
The details of the typical PECVD process parameters used for the samples of this 
thesis are given in Table 2-1. 
 
The a-Si diode was then crystallised to form a polycrystalline silicon diode 
through a SPC process. The a-Si sample was then annealed in a nitrogen purged 
thermal furnace (Nabertherm, model N 120/65HAC, Germany) at 450 C for one hour 
to remove the hydrogen before increasing to 610 C for a 12 hours anneal in nitrogen 
atmosphere. The sample is then heated to above 900 °C for a short period of time 
(rapid thermal annealing, RTA) to activate the dopants and remove defects. Then, 
the sample is hydrogenated to passivate a large fraction of the remaining defects. 
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After hydrogenation, the sample is then metallised using the metallisation scheme 
described in Ref. [31]. The fabrication process of poly-Si thin film solar cells flow-
chart is shown in Figure 2.2. Changes or deviations from this standard process will 
be mentioned in the relevant sections. 
 














SiH4 (sccm) 10 40 40 
2 % PH3:H2 (sccm) 0.2 0 0 
100 ppm B2H6:H2 (sccm) 0 0.2 6 
Substrate temperature (ºC) 380 380 380 
Pressure (Pa) 80 107 107 
RF power density (mW/cm
2
) 8 33 33 
  
 
Figure 2.2. Fabrication sequence of poly-Si thin-film silicon diodes on glass. Deviations from this typical 
process will be mentioned in the relevant sections. 
 
  
planar or textured 
glass substrate
PECVD SiNx
PECVD of a-Si:H of 







Cleaning of glass substrates. Textured glass is 
prepared using AIT method
Deposition of barrier layer for contaminants 
and anti-reflection coating
Deposition of active silicon material
Deposition of barrier layer for contaminants
Crystallisation to form poly-Si from the deposited 
a-Si:H
Annealing of defects and activation of dopants at high 
temperature (>900 oC). More details in Chapter 6 
Passivation of defects. More details in Chapter 4




2.3.1 Rapid Thermal Annealing Process 
One of the main differences between the intermediate-T and the high-T 
approaches is the post-crystallisation treatment. An RTA step at above 900 C is 
often added in the intermediate-T approach to anneal crystal defects and activate the 
dopants. This process is not necessary in the high-T approach, as the high 
temperature used for silicon deposition/growth automatically anneals crystal defects 
and activates dopants. This process is also not necessary in some intermediate-T 
approaches for poly-Si thin-film solar cells. For example, in recent years Teplin et al. 
and Branz et al. have developed a hot-wire CVD based intermediate-T approach that 
obtains epitaxial silicon growth from pure silane at > 620 C [15-17]. More details on 
the various approaches for making poly-Si thin-film solar cells can be found in Refs. 
[9, 16] and the references therein. With respect to fabrication cost, it should be 
mentioned that the cost of the substrates used in the high-T approach would very 
likely be much higher than the cost of the borosilicate glass sheets presently used in 
the intermediate-T approach. 
 
The RTA process is typically performed at high temperature (> 900 C) for a 
short period (about 1 minute). This process has benefits such as dopant activation 
and defect annealing. In the front-end fabrication process of metal-oxide-
semiconductor field-effect transistors (MOSFET), RTA is typically used after the ion 
implantation to activate implanted impurities and anneal defects. In the study of ion 
implantation and rapid thermal annealing of MOSFET done by Hong et al. [35], an 
increasing annealing temperature reduces the leakage current density, indicating a 
lower defect density. The ratio of defect removal rate and the rate of impurity 
diffusion also increases with temperature. It further implies that the higher the anneal 
temperature the better, with the limit being imposed by the junction depth required by 
the device [36, 37]. The impact of rapid thermal annealing peak temperature (TRTA) 
and the time at this peak temperature (tRTA) on the open-circuit voltage (VOC) of poly-
Si thin-film solar cells was investigated by Terry et al. [38] and Rau et al. [24]. Terry 
et al. reported an optimisation of tRTA and TRTA on poly-Si solar cells on glass 
prepared by evaporation of silicon [38]. Rau et al. showed that there is a linear 
relationship between the TRTA and the VOC and an average VOC up to 481 mV has 
been achieved. However, no report has been published on the impact of RTA 
process on the doping profiles, the junction depth and the sheet resistance of poly-Si 




Dopants in silicon are generally can be activated when the film is heated above 
700 C and hence the overall doping concentration increases [39]. The doping 
concentrations in the emitter and the BSF layers have an impact on the metallisation 
process of poly-Si thin-film solar cells on glass. Some of the metallisation processes 
that have been developed for poly-Si thin film solar cells [6, 31] require the emitter 
and BSF layers to have a high doping concentration (1019-1021 cm-3) in order to form 
good ohmic contacts. Good ohmic contacts reduce the series resistance and thus 
improve the fill factor of the solar cells.  
 
Recently, laser defect annealing (LDA) was also used to anneal and activate 
defects in the poly-Si thin-film solar cells on glass. The study conducted by Eggleston 
et al. [40] compared the LDA method compared to the conventional RTA process. 
The highest VOC obtained on a single sample was 492 mV by using a laser exposure 
of 4 ms and a dose of 50 J/cm2. One of the advantages of using LDA is that the 
annealing process is not limited by the substrate thermal properties and hence 
cheaper glass substrate such as soda lime glass could potentially be used. In 
addition LDA process has less dopant diffusion for the same dopant activation owing 
to the lower activation energies and hence there is less dopant smearing [41]. 
 
Mchedlidze et al. [42] investigated the defects in CSG samples using deep 
level transient spectroscopy (DLTS) and photoluminescence (PL). It was found that 
the high-temperature annealing removed some of the traps existing in the film after 
the crystallization process. The results also suggest some structural changes for 
dislocations leading to new formation of defect states.  
 
We are using a RTA system that is capable of processing large area samples 
up to 1200 cm2. The details will be discussed in Chapter 6. The impact of the RTA 
peak temperatures on the doping profiles, 1-Sun VOC and pFF, sheet resistances and 
doping profiles on both planar and textured samples will also be discussed in detail in 
Chapter 6.  
 
2.3.2 Hydrogenation Process 
Compared with silicon wafer solar cells, the poly-Si thin-film material quality 
suffers from a high defect density, such as intra-grain dislocations and dangling 
bonds at grain boundaries. One way to improve the quality of poly-Si thin-film 
material is to passivate defects by diffusing hydrogen into the film, a method that has 
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been found to improve the device performance of transistors and solar cells. One of 
the most efficient ways to add hydrogen atoms into a poly-Si film is via exposure to a 
hydrogen plasma. Hydrogen molecules can be dissociated effectively using, for 
example, hydrogen-argon plasma, generating hydrogen atoms and/or ions that 
diffuse into the poly-Si film and passivate a significant fraction of the defects in the 
film.  
 
The three main parameters that greatly influence the diffusion of hydrogen into 
poly-Si films are substrate temperature, hydrogenation time, and hydrogen 
concentration at the surface of the poly-Si film. Extensive studies were done (for 
example by Nickel et al.) to understand the diffusion mechanism of hydrogen in poly-
Si films by various characterization techniques, such as secondary-ion mass 
spectroscopy (SIMS), electron paramagnetic resonance (EPR) and transmission 
electron microscope (TEM). 
 
In the experiment done by Nickel et al. [43], both LPCVD-grown and SPC poly-
Si were exposed to hydrogen atoms at a fixed temperature for 1 hour and then the 
electron spin density of grain boundary defects was measured using EPR method. 
The process was repeated until the spin density remained the same for three 
consecutive hydrogenations. The saturation spin density is termed as Ns
sat. The Ns
sat 
depends on the hydrogenation temperature. Nickel et al. also showed that the 
minimum Ns
sat was observed at a passivation temperature of 350 C for 7 hours 
followed by vacuum anneal at 160 C for 15.5 hours [44]. 
 
However, hydrogenation can also be detrimental to the film electrical 
properties. Hydrogen can neutralise dopants electrically by forming acceptor-
hydrogen or donor-hydrogen complexes [45]. Prolonged hydrogenation of poly-Si at 
high temperatures gives rise to the acceptor-like states that cause electrical type 
conversion [46]. In addition, when hydrogen is diffused into crystalline Si or poly-Si at 
moderate temperatures, it can generate extended electrically active structural defects 
commonly known as platelets [47, 48].  
 
Both positive and negative impacts of hydrogenation occur simultaneously 
since they are governed by hydrogen diffusion process. Comparing hydrogen 
diffusion in mono-Si and poly-Si, Jackson et al. showed that the presence of trap 
states at the grain boundaries reduces the diffusivity of hydrogen [49]. It is generally 
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thought that the diffusion of hydrogen is controlled by the trapping and release of 
hydrogen atoms from shallow and deep traps [50]. Deep hydrogen traps are 
contributed mainly by the silicon dangling bonds at the grain boundaries and also 
other trapping sites such as hydrogen platelets [51]. On the other hand, shallow traps 
are contributed by the Si-Si bond-centre (BC) sites. 
 
Experiments done by Scheller et al. [52] shows that the hydrogen passivation is 
also influenced by the substrates used and the temperature at which the a-Si 
material was deposited. After the hydrogenation, the electrical dark conductivity in 
poly-Si on Corning glass decreases while poly-Si on SiNx coated Borofloat glass 
increases. Based on the Hall effect measurements, poly-Si on Corning glass hole 
concentration and the mobility decrease while these parameters for poly-Si on SiNx 
coated Borofloat glass were observe to increase significantly. Further experiments 
were performed to observe the sub-bandgap absorption using photo-thermal 
deflection spectroscopy (PDS). For poly-Si fabricated on Corning glass the sub band-
gap absorption increases after the hydrogenation. As for poly-Si on SiNx coated 
Borofloat glass, it decreases and remains constant for samples with a-Si deposited 
with temperatures at 50 and 300 C respectively. The crystallisation kinetics may 
depend on the substrates as well and it could result in the two different types of poly-
Si. The crystallised poly-Si also depends on the deposition conditions such as 
pressure, temperature and hydrogen percentage. 
 
In a deliberate hydrogen effusion experiment done by Mchedlidze et al. [53], 
the intensity of the dislocation-related luminescence (DRL) peak was found to be well 
correlated with the VOC. The correlation can be fitted with a linear function in a semi-
log scale of VOC vs. DRL intensity. The decrease in VOC and the inhibition of DRL 
intensity were thought to be due to the decrease in carrier lifetime as a result of 
hydrogen effusion. 
 
Perhaps the most effective way of generating hydrogen atoms is using plasma-
assisted processing method. Depending on how the plasma is excited, it can mainly 
be divided into direct-plasma and remote-plasma methods. An example for the direct-
plasma method is the parallel-plate reactor, where the plasma is excited via 
capacitive coupling (CC). An example for the remote-plasma method is the electron 
cyclotron resonance (ECR) reactor. For hydrogenation applications, avoiding a bias 
being applied on the substrate would help to reduce the impact of ions bombardment 
which is known to damage the sample’s surface. Inductive coupled plasma (ICP) and 
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ECR methods are commonly used as the heated samples are separated from the 
plasma generation to reduce surface damage. ECR method of generating plasma is 
particularly attractive because of high degree ion dissociation but it suffers from non-
uniformity issues.  
 
A typical ECR system has two parts: the resonant cavity chamber where the 
plasma is generated and the vacuum chamber where the sample is located. The 
resonant cavity chamber contains a microwave generator, gas inlets and the ECR 
magnet. The applied magnetic field is such that the electrons' cyclotron frequency is 
in resonance with the applied microwave frequency. Typically the applied microwave 
frequency is 2.45 GHz and the applied magnetic field is 875 G. The resonant 
electrons gain kinetic energy in their cyclotron motion perpendicular to the direction 
of the magnetic field. If electrons with sufficient kinetic energy (above the ionisation 
energy of the input gas) collide with atoms/molecules of the input gas, the gas 
species will be ionised, thereby generating the plasma species of the input gas. 
Further details can be found in [54-56].    
 
Gorka et al. [57, 58] used a parallel-plate radio frequency (RF) plasma setup to 
generate hydrogen plasma and passivate defects on poly-Si thin film solar cells from 
CSG solar. The optimal plasma parameters for the passivation of the poly-Si layers 
were found by simply measuring the voltage at the RF electrode. 
 
In this thesis, we use an AK800 machine from Roth & Rau, Germany, for our 
hydrogenation process. It is based on the linear microwave plasma source (LMPS) 
technique of plasma generation and is capable of handling substrates up to 30×40 
cm2. The details of the system using LMPS to generate hydrogen atoms will be 
discussed in Chapter 4. The impact of process parameters on the device 
performance of both planar and textured poly-Si diodes will be discussed as well.  
 
2.4 Major Characterisation Methods 
2.4.1 Suns-VOC Method 
The Suns-VOC characterisation technique for solar cells was introduced by 
Sinton and Cuevas in 1990s [59] and is now widely used in the PV community, in 
particular for the optimisation of silicon wafer solar cells. The method has also been 
applied to silicon thin-film solar cells. The details of the measurement setup and the 
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measurement principles will be discussed in Chapter 3. The design, light uniformity, 
demonstration and testing of the large area Suns-VOC tester will be discussed as well.  
 
2.4.2 Electrochemical Capacitance-Voltage Method 
Some of the most frequently used doping profiling techniques are secondary 
ion mass spectroscopy (SIMS) [60], spreading resistance (SR) [61] and electro-
chemical capacitance voltage (ECV) methods. Of these techniques, the SIMS 
method is the most expensive and it gives the chemical doping concentration instead 
of the active doping concentration. The SR method is simple and cheap, but it 
requires mechanical pre-treatment and has limitations with the depth resolution. In 
contrast, the ECV method gives the electrically active dopants and has an excellent 
depth resolution (of the order of nanometres), which makes it a well suited method 
for process and device optimisation. A semiconductor such as silicon is typically 
doped with dopants such as boron or phosphorus atoms. A dopant atom that is 
bonded to four neighbour silicon atoms is electrically active and becomes either a 
donor or an acceptor. However, during the introduction of dopant atoms into the 
silicon semiconductor, not all of the dopant atoms will be bonded to four neighbour 
silicon atoms. This results in the introduced dopant atom being electrically inactive. 
Chemical doping refers to both electrically active and electrically inactive dopants, 
while active doping refers only to the active dopants. Recently, the ECV method was 
extensively used for measuring the doping concentration profiles of crystalline silicon 
wafer solar cells [62-65].  
 
Chapter 5 covers the details of the theory and the experimental setup of the 
ECV method, followed by detailed study of doping concentration obtained using ECV 
on poly-Si films and diodes (both planar and textured substrates). 
 
2.4.3 4 point probe 
Due to relatively high contact resistance and in order to eliminate the parasitic 
voltage drop during voltage measurement, a 4 point probe (4PP) method is used 
instead of the 2 point probe in order to measure sheet resistance of poly-Si samples. 
Correction factors are generally being applied. These correction factors consist of 
corrections for sample thickness, lateral sample dimensions and distance of probes 
relative to the sample edges. For thin-film samples whereby the thickness is typically 













where  is the resistivity (cm), t the thickness of the film (cm), V the voltage (V) and 
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The details of the mathematical derivations can be found in Ref. [60]. 
 
We use a commercial semi-automatic 4PP system (Napson Corporation, model 
Cresbox, Japan) to measure sheet resistance. The system is a semi-automatic 
process whereby the measurement locations are first designed on the given software 
by the manufacturer. Then, samples were placed on the chuck which has a vacuum 
pumping system to hold the sample tightly to the chuck by creating air pressure 
difference. The numbers of measurement points on each sample are reported in their 
relevant sections. Typically, the average RSheet values and their standard deviations 
(as error bars) are plotted.  
 
2.4.4 Scanning Electron Microscopy  
An electron microscope uses an electron beam (e-beam) to construct a 
magnified image of a sample. The electrons from the electron gun (electron source) 
are typically accelerated with a voltage in the 5-30 kV range for most samples, but for 
insulating samples the voltage can be as low as several hundred volts (i.e., electron 
energies of several hundred eV). The topographic image of a sample in an SEM is 
generated by scanning the sample with a focused electron beam and detecting the 
secondary and/or backscattered electrons. The incident (or primary) electron beam 
causes secondary electrons to be emitted from the sample which are then collected 
by the secondary electron detector.  
 
Attached to the SEM system are the electron backscatter diffraction (EBSD), 
focused-ion beam (FIB), and electron beam-induced current (EBIC) systems. We are 
using SEM system from Carl Zeiss with model Auriga, Germany. As for EBSD 
measurement, we are using the system from Bruker with model CrystAlign 200. 
During EBSD measurement, the electron beam strikes a tilted crystalline sample and 
the diffracted electrons form a diffraction pattern on a fluorescent screen. This 
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diffraction pattern gives the characteristics of the crystal structure and orientation of 
the sample region from which it was generated. EBSD technique gives the crystal 
orientation with sub-micron resolution. More details about EBSD techniques can be 
found in Ref. [66]. In addition, during the cross-sectional imaging, the samples have 
to be tilted to about 45. As a result, the image is distorted and it is characterised by 
a demagnification of the actual image. In our system the software does an automatic 
tilt correction to compensate for the demagnification caused by sample tilt. The 
details of FIB and EBIC systems and the experimental setup will be discussed in 
Chapter 7. 
 
2.4.5 Other Characterisation Techniques 
In addition to the above-mentioned frequently used characterisation methods, 
other characterisation methods have also been used in this thesis, such as optical 
emission spectroscopy, UV-Visible light spectroscopy and spectral response system. 
Optical emission spectroscopy is used to observe the emission from the plasma 
processes during the hydrogenation and the details will be discussed in Chapter 4.  
 
The Hall effect measurement method is also used to obtain the mobility and the 
average doping concentration of poly-Si films. The details will be covered in Chapter 
5.  
 
UV-Visible light spectroscopy is used to measure the reflectance and 
transmission of a sample. The experimental setup typically consists of an integrating 
sphere which has a detector being put inside to measure the reflected or transmitted 
light intensities from the sample with respect to the incoming reference beam. The 
white light source is converted to a monochrome light through a monochromator. The 
system is typically calibrated with Barium crystal to give 100 % reflectance reference.  
 
Spectral response system is also used to measure the quantum efficiency of a 
solar cell. Similar to UV-Visible spectroscopy, a monochromator is typically employed 
to produce resolve wavelength of white light source. The silicon reference solar cell's 
spectral response is measured first to calibrate the system and give the information 
about incoming photon flux reaching the device under test (DUT). The incoming light 
is also chopped with a chopper and the DUT short-circuit current is then amplified 
using a lock-in amplifier with same frequency as the chopper frequency to increase 
the signal to noise ratio (SNR). Since the information about the short-circuit current of 
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the sample and the incoming photon flux are known, the quantum efficiency of the 
sample can be calculated for each wavelength.  
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CHAPTER 3 -  LARGE-AREA SUNS-VOC TESTER FOR 




The Suns-VOC method uses a light flash from a Xenon lamp. It is based on 
simultaneously measuring the decreasing light intensity (using a separate light 
sensor calibrated in Suns) and the quasi-steady-state open-circuit voltage (VOC) of 
the solar cell under test. With this method, the pseudo I-V curve and pseudo fill factor 
can be obtained (see Section 3.2.1 below for the definition of these parameters). The 
method has two main advantages. First, the series resistance of a typical c-Si solar 
cell (with emitter and back surface field regions) has no impact on the measured 
voltages. As a result, the 1-Sun VOC of a c-Si solar cell can be measured before the 
metallisation process. This is very helpful for optimising the fabrication processes 
prior to the metallisation step. Second, the measurement is fast (< 2 seconds). 
Hence, the measurement can be done quickly and, most importantly, there is 
negligible heating of the sample due to the light pulse (note that the VOC of a c-Si cell 
reduces by about 2.2 mV for every one degree Celsius increase of the cell 
temperature). 
 
However, the Suns-VOC method is not without its shortcomings. There are two 
main sources of error. First, there is a mismatch between the flash light spectrum 
(xenon-based lamp) and the AM1.5G solar spectrum. The flash light has intensity 
spikes in the wavelength range 800-1000 nm. Second, the light intensity in the 
measurement plane is spatially non-uniform, whereby it is usually the highest in the 
centre of the plane. In the study of Roth et al. [1], the VOC errors were up to 2 mV due 
to the spatial non-uniformity of the flash light over an area of 16×16 cm2 and up to 5.5 
mV due to the spectral mismatch. Third, the high contact resistance when probing 
unmetallised solar cell samples could cause significant measurement errors when 




For thin-film solar cells, one way to reduce the manufacturing cost is to scale 
up the process and produce larger-area solar cells. As such, the need exists to 
measure large-area samples with a Suns-VOC tester. In this chapter, a Suns-VOC 
tester capable of measuring samples with a size of up to 25×35 cm2 is introduced. 
We demonstrate the tester’s capabilities using 20×20 cm2 unmetallised poly-Si thin-
film solar cells on borosilicate glass (Schott, Borofloat33). 
 
3.2 Measurement Principle  
 
This section explains the working principles of the Suns-VOC method of 
characterisation. In particular, this section focuses on explaining the 1-Sun pseudo 
I-V curve and the 1-Sun pseudo fill factor (pFF). The Suns-VOC method is simple to 
be used, but the working principles behind the method must be clearly understood to 
avoid misinterpretations and for correctly extracting the device parameters obtainable 
by this method. As a reminder, the raw measurement data are the light intensity 
measured with an external reference cell and the VOC of the sample under test.  
 
Figure 3.1 shows the typical data obtained from a Suns-VOC measurement. The 
light intensity is obtained by dividing the measured ISC of the reference cell by the 
1-Sun ISC of the reference cell (measured separately with a calibrated I-V tester). The 
VOC is corrected with the temperature coefficient of the sample under test (-0.0022 
V/ºC for c-Si solar cells). 
 
 
Figure 3.1. Measured light intensity (in Suns) and temperature-corrected open-circuit voltage of a poly-
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The resulting Suns-VOC curve is shown in Figure 3.2. The Suns-VOC curves are 
plotted in both log and linear scales.  
 
Figure 3.2. The Suns-VOC curve resulting from Figure 3.1 (left graph = logarithmic light intensity, right 
graph = linear light intensity).  
  
3.2.1 From Suns-VOC data to the 1-Sun pseudo I-V curve  
The linear Suns-VOC curve of Figure 3.2 can be converted into the corres-
ponding 1-Sun I-V curve. However, since there is no actual current flowing out of the 
device under test, the term ‘pseudo I-V curve’ is used. To obtain the pseudo I-V 
curve, the y axis of the linear graph of Figure 3.2 is converted from light intensity to 
current density. To do this, a reasonable 1-Sun short-circuit current density for the 
device under test is assumed. The resulting I-V curve is shown in Figure 3.3, 
assuming a 1-Sun JSC of 30 mA/cm
2. Next, the curve is down-shifted by the 1-Sun 
short-circuit current from the first quadrant to the 4th quadrant. From this pseudo I-V 
curve, important electrical device parameters such as the shunt resistance (RSH) and 




























































3.2.2 Pseudo fill factor as an indicator of the diode quality 
A poly-Si thin-film solar cell is often modelled with a two-diode model, as shown 
in Figure 3.4.  
 
 
Figure 3.4. Two-diode model representation of a solar cell with shunt and series resistances.  
 
The corresponding J-V equation is: 
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By ignoring the series resistance, RS and shunt resistance, RSH effects, Equation 
(3.1) simplifies to: 
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(3.2) 
 
whereby Jo1 and Jo2 are the diode saturation current densities with ideality factors of 
n = 1 and n = 2, respectively. The two diodes are representing the recombination 
behaviour of the investigated solar cell. In poly-Si thin-film solar cells, Jo1 represents 
the recombination in the quasi-neutral bulk regions (and at the surfaces) and Jo2 
represents the recombination in the p-n junction’s depletion region [3]. 
  
Several methods have been proposed to measure the quality of poly-Si thin-
film diodes on glass. Terry et al. [4] showed that by fitting the intensity versus VOC 
curve with the 2-diode model, three parameters V1, V2 and RSH can be determined, 
whereby V1 and V2 are the fitted 1-Sun open-circuit voltages of the n = 1 and n = 2 
diodes, respectively. Another method is to use the one-diode model and to vary the 
ideality factor n as a fitting parameter [5]. The fitted ideality factor would then be a 
measure of the quality of the diode. In addition, Wong et al. [6] showed that the fitting 
of the local ideality factor depends on the absorber layer’s doping concentration. The 
occurrence of some deep levels at extended defects in thin-film poly-Si solar cells 
gives rise to the optimal dopant density in order to maximise the PV efficiency. 
Shallow-band recombination gives a minority carrier lifetime that varies inversely with 
doping while the deep-level recombination gives a minority carrier lifetime that 
increases with decreasing doping concentration. The optimal absorber layer dopant 
density for both e-beam evaporated and PECVD SPC poly-Si thin-film solar cells on 
glass was found to be in the mid-1015 cm-3 range [6, 7]. 
 
Prior to the metallisation process, the shunt resistance is generally not affected 
by the fabrication processes and the Suns-VOC measurement itself is typically not 
affected by the series resistance. Hence the pFF reflects the actual fill factor (FF) 




























whereby n is the diode’s ideality factor.  
 
The quality of the diode (in terms of recombination) largely affects the VOC and 
the pFF. Since the recombination current model of a poly-Si thin-film diode on glass 
has a mixed contribution from the first and second diodes, a lower contribution from 
the second diode (low recombination current) leads to a better pFF. In addition, from 
Equation (3.3), a higher VOC also leads to a higher pFF. Hence, via the pFF one can 
approximate the overall quality of the diode and thus the pFF can be used as a figure 
of merit, along with the VOC, in the post-deposition treatment analysis of the device 
properties.  
 
The plot of the pFF as a function of VOC is shown in Figure 3.5 for n = 1 and 2. 
For a given diode with a VOC of about 420 mV, an ideality factor n = 1 gives a pFF of 
78.4 %, while n = 2 gives a pFF of 66.0 %. Hence, for a given VOC, a better-quality 




Figure 3.5. Calculated relationship between pseudo fill factor and VOC, for diode ideality factors of n = 1 




































3.3.1 Design of the Suns-VOC tester  
The main application of the designed tester is for thin-film solar cells on glass 
superstrates. In the superstrate configuration, the light enters the solar cells through 
the glass sheet in front of the solar cells. To simplify the probing of the samples, we 
decided to use a bottom-up approach for the flash light (i.e., light shining upwards). 
The flash lamp setup has a flash filter (described below in detail), two diffusers and a 
wide-angle diffuser mounted on it (flash lamp QUANTUM Qflash QFT5d-R, diffuser 
QF64, wide-angle diffuser QF67A). Especially when contacting metallised samples, a 
careful placement of the probes is important because applying excessive force will 
shunt the solar cell. A schematic drawing of the designed Suns-VOC tester is shown in 
Figure 3.6 and photographs of the actual tester are shown in Figure 3.7.  
 
 
Figure 3.6. Schematic drawing of the developed large-area Suns-VOC tester. The flash lamp is located at 
the bottom and shines upwards. The light passes through a glass stage and then through the front glass 
(superstrate) of the thin-film solar cell. Contacting of the solar cell occurs from the top. Also shown is the 
unity-gain buffer amplifier. 
 
The second design consideration is linked to the high contact resistance when 
probing unmetallised solar cell samples. The high contact resistance of the metal tips 
probing the semiconductor can cause significant measurement errors when using 
pulsed illumination. This is because a resistor-capacitor (RC) element is formed by 
the contact resistance and the parasitic external capacitance [2]. This problem can 
35 
 
be solved by using a buffer amplifier with unity gain that ideally provides infinite input 
impedance and low output impedance. In our tester, we use the TL071CN amplifier. 
The simplified circuit schematic of the buffer amplifier used is shown in Figure 3.8.  
 
 
Figure 3.7. Photographs of the actual home-built tester used for the measurement of superstrate 
samples. This Suns-VOC tester was used for all the Suns-VOC measurements reported in this thesis. 
 
 
Figure 3.8. Simplified circuit schematic of the buffer amplifier used in this thin-film Suns-VOC tester.  
 
The third design consideration is the spatial uniformity of the light intensity that 
falls onto the stage that holds the solar cell. A good uniformity of the light intensity 
over an area of 25×35 cm2 is realised using transparent plastic foils (3M, model 
PP2900) onto which appropriate dot patterns were printed. The printed dot patterns 
on the plastic foils act as light intensity filters. The final filter design consists of 25 
individual filters of equal size, arranged in a 5×5 matrix. Each individual filter has an 
area of 5×7 cm2 and has its specific dot pattern. The dot patterns were generated 
using commercial office software (Microsoft Word). Regions with high light intensities 
receive filters with a high density of dots, to bring down the light intensity and thereby 
creating a more uniform intensity in the measurement plane. These filters are placed 
on top of the glass stage. Furthermore, a flash filter with a fixed density of dots was 
measurement probes 
measurement stage














put directly in front of the flash lamp, together with two diffusers and a wide-angle 
diffuser to further diffuse the flash light. The measured optical transmissions of the 
filters without (blank) and with dot patterns are shown in Figure 3.9. The actual 
implemented filter used in the tester is shown in Figure 3.10. The transmission 
datasheet of a commercial neutral density filter (Thor Labs, ND02B) is also shown for 
comparison. As can be seen, for wavelengths from 400 to 1100 nm, the transmission 
profiles of the 10 % and 20 % dot pattern filters are similar to those of the commercial 
neutral density filters. However, the transmission of the plastic foils and the white 
diffuser quickly drops to zero for wavelengths below 400 nm.  
 
The use of the diffuser in front of the flash lamp also introduces transmission 
loss due to the reflection and the absorption of the plastic foils and the diffuser. This 
introduces an additional spectrum-related measurement error. The estimated current 
loss by using two diffusers and two plastic foils is about 1.4 mA/cm2 for wavelength 
from 300 nm to 400 nm. The current loss is calculated based on the NREL AM1.5G 
spectrum (ASTM G173-03) [9] with wavelength interval of 10 nm. Assuming a solar 
cell with JSC of 15 mA/cm
2, the loss of 1.4 mA/cm2 translates to a VOC loss of about 
2.2 mV. However, the final measurement error also depends on the type and 
structure of the investigated solar cell device. For example, for poly-Si thin-film solar 
cells on glass with a highly-doped emitter located at the glass-side, the glass absorbs 
some of the incoming light and the external quantum efficiency typically drops to 
below 50 % for wavelengths below 400 nm [10]. As a result, the VOC error due to 
parasitic optical absorption of the diffusers and filters in the 300-400 nm wavelength 





Figure 3.9. Measured optical transmissions of the plastic foil without (blank) and with three different dot 
patterns. The dot patterns are shown as insets. The dot patterns were made with the Microsoft Word 
software (pattern fill function, using values of 10, 20 and 30 %). The measured transmission of a 
commercial neutral density filter (ND02B from Thor Labs) is also shown (solid line). 
 
 
Figure 3.10. An example of actual implemented filter used in the tester. It is arranged in a 5×5 matrix 
with each grid has its own dot patterns.  
 
3.3.2 Uniformity of light intensity in measurement plane 
The light intensity falling onto each grid segment of the measurement plane 
was measured using a calibrated silicon wafer reference solar cell with an area of 
approximately 1.0 cm2. We assumed that the light intensity scales linearly with the 


































circuit current was measured by passing it through a small load, RL, of 1  and 
measuring the voltage drop across the resistor. To improve the measurement 
accuracy, the voltage drop was amplified using a gain amplifier. The simplified circuit 
schematic of the gain amplifier is shown in Figure 3.11.  
 
Since the reference cell has a short-circuit current of about 100 mA at 1-Sun 
light intensity, the voltage developed across RL is about 100 mV. The resistors R1 
and R2 are chosen such that the gain of the amplifier is about 15. As a result, the 
output voltage of the amplifier is about 1.5 V. Hence, the light intensity from the flash 
lamp (which is in the range from about 0.01 to 1 Sun) will give an output voltage in 
the range of about 0.01 to 1 V. The measured voltage for 1-Sun light intensity was 
then input into the commercial Sinton Suns-VOC Microsoft Excel sheet. This voltage 
range is sufficient for the evaluation of the performance of thin-film poly-Si solar cells 
on glass via its figures of merit, such as 1-Sun VOC, 0.1-Sun VOC and pFF. Note that 
commercial Suns-VOC tester for crystalline wafer solar cells uses concentration solar 
cells as reference cell. Hence it is capable of measuring light intensities up to 
hundreds of Suns. We are using a crystalline wafer solar cell as the reference cell. 
Hence we can only measure accurately up to about 2 Suns of light intensity.  
 
The Rbias is used to minimise the bias current on the output offset. The Rbias is 
made equal to the resistance R1 and R2 in parallel. More details on the circuit design 
can be found in Ref. [11]. 
 
 
Figure 3.11. Simplified circuit schematic of the gain amplifier. The gain was set to about 15 in this work.  
 
The measured light intensity of each grid segment was then normalised to the 
highest measured light intensity from all the grid segments. Figure 3.12 shows the 
measured spatial distribution of the flash light intensity over an area of 25×35 cm2 in 
the measurement plane, for an intensity of approximately 1 Sun (1000 W/m2) and 0.1 


















uniformity was quantified using a standard published by the International Electro-
















Using Equation (3.5), the spatial non-uniformity of the light intensity when using 
the filters was found to be 3 % for both 1-Sun and 0.1-Sun illumination intensity. 
When no filters were used, the non-uniformity was 8 % for both 1 and 0.1 Sun 
intensity. The improvement from 8 % to 3 % shows that the filters are working well in 
regards to suppressing areas with higher light intensity. It is also worth to note that 
without the flash filter and the diffusers in front of the flash, the non-uniformity is 
worse than 8 %. Considering that the VOC of a p-n junction solar cell is proportional to 
the logarithm of the short-circuit current, the non-uniformity of VOC will be much lower 
compared to the non-uniformity of the light intensity. Using a small Si wafer solar cell, 
the VOC from 13 grid segments (out of a total of 25 grid segments) was measured and 
found to vary by at most  1 mV from the average value. This confirms that the light 




Figure 3.12. Measured 1-Sun and 0.1-Sun light intensity distribution over an area of 25×35 cm
2
 in the 
measurement plane. The intensity in each grid segment (5×7 cm
2
) was normalised to the highest 
measured light intensity. (a) without filters, (b) with filters.  
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3.3.3 Demonstration of the capabilities of the tester 
The investigated poly-Si thin-film solar cell was made at SERIS. The details of 
the fabrication process are described in Chapter 2. The solar cell was processed up 
to the completion of the hydrogenation step. The as-deposited 30×40 cm2 glass 
sheet was then cut to a size of 20×20 cm2 prior to the hydrogenation step, as the 
currently used process is optimised for 20×20 cm2 sample size. After the 
hydrogenation, the four corners of the sample were wet-chemically etched using a 
H2O/HF/HNO3 (ratio 1:1:1) solution, to create a sloped profile and thereby exposing 
the buried n+ layer. Then, 1-Sun VOC measurements were performed by measuring 
20 different points on the sample for each of the 4 corners of n+ contacts. The 
variations due to different n+ contacts were found to be at most ± 1 mV. 
 
The results of the 1-Sun VOC measurements on sample BAS4-12B after the 
hydrogenation are shown in Figure 3.13. The VOC value shown for each grid segment 
is the average of the VOC values obtained by sequentially probing each of the four 
exposed corner regions of the sample with the second contact needle. The overall 
average VOC of the sample was found to be 471 mV, with standard deviation of 4 mV. 
The non-uniformity of the 1-Sun VOC of the sample was calculated using Equation 
(3.5), by replacing the irradiance with VOC. The non-uniformity was found to be 1.7 %. 
The entire voltage measurements for the 20×20 cm2 sample took less than 5 
minutes. The Suns-VOC method and the developed tester are thus well suited for the 
process optimisation of poly-Si thin-film solar cells. 
 
 
Figure 3.13. Measured 1-Sun VOC distribution of sample BAS4-12B after hydrogenation. The sample 
size is 20×20 cm
2
. 


































We showed that the Suns-VOC method can be scaled up to an area of 25×35 
cm2, while still maintaining good spatial uniformity of the light intensity. The filters 
improved the spatial non-uniformities of the 1-Sun and 0.1-Sun light intensities from 8 
% to 3 %. The VOC at 13 grid segments (out of a total of 25 grid segments) was 
measured using a small Si wafer solar cell and was found to vary at most by  1 mV 
from the average value. The method used to achieve good light intensity uniformity is 
scalable and inexpensive. The transmission profiles of the filters printed by us were 
found to be similar to those of commercial filters, for the wavelength range of 400-
1000 nm. 
 
The capabilities of the tester were demonstrated using a 20×20 cm2 
unmetallised poly-Si thin-film solar cell on glass. The average 1-Sun VOC was found 
to be 471 mV, with a standard deviation of 4 mV and a non-uniformity of 1.7 %. This 
demonstrates that the tester is well suited for process optimisation studies on poly-Si 
thin-film solar cells. The application of the tester can also be extended to other 
superstrate thin-film solar cells and also all-back-contact type silicon wafer solar 
cells. 
 
The tester can possibly be improved further by reducing the spectral mismatch 
to the AM1.5G solar spectrum. One area of concern is the intensity spikes in the 800-
1000 nm range, which can possibly be eliminated using infrared filters. As for the 
electrical amplifier choice, an alternative to the TL071CN amplifier is the AD620 
amplifier. The AD620 amplifier is simpler, as the gain amplifier can be implemented 
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CHAPTER 4 -  STATIC LARGE-AREA HYDROGENATION 




For thin-film solar cells, one way to drive down the manufacturing cost is to 
scale up the process and thus producing larger-area thin-film solar cells. As such, the 
need exists to uniformly hydrogenate a large-area sample. One proven method of 
generating a large-area uniform plasma for industrial applications is by using a linear 
microwave plasma source [1]. It has been shown that, using dynamic deposition in 
an inline system, industrial-scale deposition of silicon nitride layers (as an anti-
reflection coating) on silicon wafer solar cells on a carrier size of 1 m × 1 m is 
possible with this method. To our best knowledge only CSG Solar has so far 
performed large-area hydrogenation of poly-Si thin-film solar cells using an inline 
(i.e., moving substrate) remote plasma passivation tool, whereby their system was 
also based on linear microwave plasma sources [2], however, no details on the 
impact of the process parameters on the device performance were revealed. 
 
In this chapter, a system with four linear microwave plasma sources is used to 
hydrogenate poly-Si thin-film solar cells on glass. The process is performed in the 
static mode, i.e. the samples are not moving inside the reactor. First, we describe the 
system in detail and investigate the temperature offset between the set temperature 
and the substrate temperature. Second, the impact of various hydrogenation process 
parameters is investigated by measuring the 1-Sun VOC of the poly-Si thin-film solar 
cells and by recording the emission intensity of the plasma. The 1-Sun VOC and 
emission intensity are characterized using a Suns-VOC tester and an optical emission 
spectroscopy (OES) system, respectively. Third, we demonstrate that the four linear 
microwave plasma sources are capable of hydrogenating large-area (> 400 cm2) un-
metallised poly-Si thin-film solar cells on glass with good lateral uniformity. In 





4.2 Experimental Details 
4.2.1 Hydrogenation System Design 
We used a commercial single-chamber system (AK800 from Roth and Rau AG, 
Germany) for hydrogenation of all samples reported in this thesis. The system has 
four identical linear microwave-powered plasma sources. The schematic design of 
the system is shown in Figure 4.1. Figure 4.2(a) shows a photograph of the actual 
system and Figure 4.2(b) shows a photograph of the hydrogen/argon plasma inside 
the reactor. The system does not have a load-lock, thus the chamber is exposed to 
atmosphere (class 10000 cleanroom) during loading and unloading of the samples. 
Typically, the 1-Sun VOC of our devices was about 200 mV prior to hydrogenation and 
above 400 mV after a 15-minute hydrogenation process at 450 ºC or higher 
temperature. 
 
Prior to the hydrogenation step, each sample was dipped into a 5 % hydro-
fluoric acid solution to remove the thin layer of silicon oxide and then rinsed in de-
ionized water and dried using compressed nitrogen gas. Each sample was placed in 
the centre of a 30 cm × 40 cm graphite substrate holder. Graphite was used as 
substrate holder to prevent sticking of the glass substrates to the substrate holder. 
The chamber was typically pumped down to a pressure of below 4×10-5 mbar before 
the resistive lamp heater was turned on. The sample was then heated (using a 
heater set temperature of 550 C or higher), followed by 5-10 minutes for stabilization 
of the glass temperature. The period during which the glass temperature stays 
constant is termed as plateau period. Then, a mixture of argon (Ar) and hydrogen 
(H2) gases was introduced into the chamber. The argon gas was added to promote 
the dissociation of hydrogen molecules into hydrogen atoms and ions, owing to the 
lower ionization energy of argon (Penning effect) [3]. The four plasma sources were 
then turned on using a pulsed mode, with on and off periods of 8 ms. Pulsing 
reduces the heating of the microwave power generators. The plasma was excited by 
microwaves (2.45 GHz). The system uses four identical 1000-W microwave 
generators from the company Muegge (with power supply model MX4000D-115KL 
and magnetron head model MH2000S-220BB), which are located at each end of the 
four approximately 63.5 cm long quartz tubes. The microwaves are fed into the 
quartz tubes via coaxial waveguides. Further details on the linear microwave plasma 
system can be found in Refs. [4-6]. The poly-Si samples were about 10 cm away 






Figure 4.1. a) Side-view schematic diagram of the AK800 system from Roth and Rau, Germany. The 
pink coloured region shows the plasma in the xz plane. The plasma emission intensity is highest near 
the quartz tube. Optical emission spectroscopy (OES) is conducted via one of the viewports to analyse 




























Figure 4.2. a) Photograph of the AK800 hydrogenation system used for all hydrogenation experiments 
reported in this work. b) Photograph of the hydrogen/argon plasma inside the reactor. 
 
The heating was stopped after 15 minutes of hydrogenation, to allow the 
sample to cool down to about 300 C before it was taken out of the chamber. Note 
that the substrate temperature can be about 100 C lower than the heater set 
temperature. The substrate temperature during the plateau period is also known as 
hydrogenation temperature (THYD). The period when the plasma is on during this 
plateau period is also known as hydrogenation time (tHYD). The plasma generation 
continued during the cool-down period. Figure 4.3 shows the overall temperature 






















Figure 4.3. Temperature-time profile of the hydrogenation process used in this work. Also shown is the 
period during which the plasma was on.  
 
The standard hydrogenation process parameters are summarised in Table 4-1. 
The impact of the process parameters on the devices’ performances was investi-
gated and the changes or deviations from this standard process are reported in the 
following sections. 
 
Table 4-1. Standard hydrogenation process parameters. 
Process condition Value Unit 
Plateau period 20 mins 
Hydrogenation time, tHYD 15 mins 
Hydrogenation temperature, THYD 480 C 
Vent temperature 300 C 
Argon flow rate 30 sccm 
Hydrogen flow rate 90 sccm 
Process pressure 0.04 mbar 
Set microwave power 2000 W 





4.2.2 Temperature Offset Measurement 
The substrate temperature of the hydrogenation is one of the important factors 
that determines the hydrogen diffusion process in poly-Si thin-film material. To 
investigate the substrate temperature effect, a second thermocouple was inserted 













thermocouple was recorded using temperature data acquisition (DAQ) from a 
DATAPAQ Q18 data logger. Position 1 is located in the middle of the 30 cm × 40 cm 
graphite substrate holder and position 2 is about 5 cm from one of the edges of the 
substrate holder. A bare borosilicate glass sheet was used to cover most of the 30 
cm × 40 cm substrate holder, to simulate the total heat mass condition when an 
actual hydrogenation experiment is performed. The plasma was not turned on during 
this experiment. The schematic setup is shown in Figure 4.4. 
 
 
Figure 4.4. Simplified schematic showing the temperature offset measurement setup. The second 
thermocouple was used to measure the temperatures at positions 1 and 2.  
 
The set temperature uses the AK800 thermocouple as a feedback signal to 
achieve the targeted set temperature (TSET). Hence we can assume that the set 
temperature is the same as the AK800 thermocouple reading after some time lag. 
The second thermocouple recorded the temperatures at the surface of the bare 
borosilicate glass sheet (i.e., no silicon film on the glass) for a period of 5, 10, 15 and 
20 minutes after the set temperature was reached. The temperature reading from the 
second thermocouple is then termed as substrate temperature (TSUB) (or 
hydrogenation temperature THYD if there was a plasma). The TSUB versus TSET results 
for the two positions (1 and 2) are shown in Figure 4.5. 
 
As expected, we found that there is a temperature offset between the set 
temperature and the substrate temperature. The offset is due to the heat loss during 
the heat transfer at the graphite substrate holder and the 3.3 mm thick borosilicate 
glass. The results of the TSUB versus TSET for 10 minutes after the set temperature 








position 1 position 2
AK800 chamber (simplified schematic) 
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Figure 4.5. Measured substrate temperature versus set temperature for a) position 1 and b) position 2, 
for various periods (5, 10, 15 and 20 minutes) after the set temperatures were reached. 
 
 
Figure 4.6. Substrate temperature at position 1 versus set temperature for 10 minutes after set 
temperature was reached. Also shown is the linear fit with the fit equation.  
 
The transformation temperature of the glass is between 518 ºC (strain point) 
and 560 ºC (annealing point) [7, 8]. Above the annealing point the glass softens 
slightly [9]. We only heated the substrate to a maximum substrate temperature of 
about 510 ºC. This is to avoid cracking of the Si film due to the non-linear thermal 





























































































observed that the glass substrate was stuck to the graphite substrate holder at high 
substrate temperatures (> 520 ºC). 
 
4.2.3 Characterisation Methods 
The hydrogenation equipment was commissioned before the RTA equipment. 
During that time, the front end processes (glass preparation, glass texturing, PECVD 
process, SPC process, and RTA process) were not yet fully optimised. As a result, 
we could not use our own samples to optimise the hydrogenation process. This is 
because any variation in the optimisation results could be due to variations in the 
front end processes. We thus optimised our hydrogenation process using the UNSW 
samples. The benefit of using the UNSW samples was that the front end processes 
were optimised. This allowed us to study the effect of hydrogenation process 
parameters. However the samples were limited in number and hence design of 
experiment was planned based on the availability of the samples. In addition, we 
tried to use samples with similar VOC range to perform the optimisation of the 
hydrogenation process. For example, for the temperature study, all the samples have 
similar saturated VOC values ( 450 mV).  
 
The samples’ 1-Sun VOC and pseudo fill factor pFF were measured using the 
Suns-VOC method described in Chapter 3. Five points were measured on each 
sample. The sample size was in the 70-100 cm2 range in each case. The average 
VOC was then plotted as a function of process parameters. The error bars are the 
standard deviations of these five points. After a measurement, the sample was baked 
at about 610 ºC for > 6 hours to drive out the hydrogen and thus making it re-usable 
for another hydrogenation experiment. After the 610 ºC hydrogen drive-out step, the 
VOC and pFF of all investigated samples were found to be roughly the same as before 
hydrogenation (~ 200 mV). 
 
The hydrogen plasmas were characterized using an OES tool. These 
experiments were performed separately, with no sample inside the chamber, to 
obtain more stable plasma conditions. Three parameters (gas flow, process 
pressure, microwave power) were varied and the hydrogen related emission 
intensities were recorded for two wavelengths (Hα at 656.43 nm and Hβ at 486.09 
nm). These two spectral lines have the highest intensities among the spectral lines of 
the hydrogen atom’s Balmer series. We used an OES system (HR4000) from Ocean 
Optics. The optical and electrical measurement offsets were set to zero before 
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ignition of the plasma. The emission spectra from the plasma inside the chamber 
passed through a quartz viewport and were collimated and coupled into a fibre optic 
cable. The centre of the viewport is about 1.5 cm above the substrate holder. Upon 
selection of a particular process parameter set, the plasma was given about 1 minute 
to stabilize, followed by the recording of the emission intensities. 
 
4.3 Results and Discussion 
4.3.1 Impact of Substrate Temperature 
Three different n+p-p+ poly-Si on glass samples were used for this study: one 
planar sample (188) and two textured samples (788 and 888). Figure 4.7 shows the 
results of these samples. The set power for each microwave generator was 2000 W, 
however, due to the 50 % duty cycle, the actual power from each generator was 
about 1000 W. The Ar gas flow rate was 30 sccm, the H2 gas flow rate was 90 sccm, 
and the process pressure was 0.04 mbar. The hydrogenation temperature was varied 
from about 150 to 510 ºC.  
 
As can be seen, the VOC initially increases with hydrogenation temperature and 
then saturates. The saturation voltage for each sample is obtained by averaging the 
VOC data points above 95 % of the maximum VOC obtained. The data points prior to 
this VOC saturation are fitted with a linear fit. The intersection between average 
saturated VOC and the linear fit line gives the saturation temperature. For planar and 
textured samples, the VOC saturates at about 340 ± 11 and 307 ± 9 
oC, respectively. 
The VOC of both planar and textured samples saturates at about 450 mV. This 
indicates that both types of sample have similar film quality.  
 
The saturated VOC is termed as Vsat and the temperature where it starts to 
saturate is termed as Tsat. The pFF profiles behave similarly as the VOC profiles. The 
results are summarized in Table 4-2. For the textured sample 788, the Vsat, linear fit 
line prior to Vsat and Tsat are also shown in Figure 4.7 while the rest is not shown for 






Figure 4.7. The a) VOC and b) pFF of the samples against the substrate temperature during hydrogen-
ation (square symbols = planar sample, triangles = textured samples). Also shown in graph (a) is the 
Vsat and the linear fit prior to Tsat for the textured sample 788. 
 
Table 4-2. Summary of the results obtained on the three investigated samples.  







Vsat [mV] Tsat [
o
C] 
188 Planar 100 30 1.31 ± 0.67 445 340 ± 11 
788 Textured 100 30 0.86 ± 0.25 454 307 ± 9 
888 Textured 100 30 0.92 ± 0.26 454 301 ± 9 
 
Figure 4.8 shows the pFF vs. VOC for the planar sample 188 and the two 
textured samples (788 and 888). As discussed in Chapter 3, the pFF can be used as 
a figure of merit for quality of the diode. The solid and dashed lines represent the fill 
factor for pure n = 1 and n = 2 recombination, respectively, in the absence of series 
and shunt resistance effects. As can be seen, with increasing VOC (and hydro-
genation temperature), the diffusion of hydrogen atoms into the films was enhanced. 











































that the p-n junction of these cells is located near the glass-side silicon surface). The 
improved junction region reduces the n = 2 recombination current, and hence the 
pFF improves with improving VOC (see Figure 4.8) and becomes increasingly 
dominated by n = 1 recombination. 
 
  
Figure 4.8. Plot of pseudo fill factor against the open-circuit voltage for increasing hydrogenation 
temperatures for planar (188) and textured (788 and 888) samples. The fill factor with ideality factors n = 
1 and n = 2 are shown as solid and dashed lines respectively. 
 
While more defects can be passivated at high temperature, defect generation 
could also occur when a single hydrogen atom breaks a strained Si-Si bond, forming 
a Si-H bond and a silicon dangling bond [10]. In addition, it is also known that the 
hydrogenation process introduces defects such as hydrogen platelets and silicon 
dangling bonds [11]. Hence, the saturation of the VOC in Figure 4.7(a) could be due to 
the presence of defects that could not be passivated by hydrogen atoms.  
 
In an electron paramagnetic resonance (EPR) study, Sontheimer et al. showed 
that liquid phase crystallised (LPC) poly-Si has a lower defect density than SPC poly-
Si after RTA and hydrogenation treatments [12]. In addition, in the obtained EPR 
signal, the characteristic g-value of 2.0055 ± 0.0005 is often assigned to the 
characteristics of a deep level defect at grain boundaries of poly-Si. For grain sizes of 
LPC poly-Si ( 200 µm), the EPR signal is entirely dominated by a g-value of 2.0032. 
The SPC poly-Si EPR consists of grain boundary defects located at g = 2.0055 and 
additional defects located inside the grains at g = 2.0032. This composition of the g-
































Furthermore, as shown in Figure 4.8, there is still a gap between the highest 
pFF achieved in this experiment and the limit imposed by n = 1 recombination. This 
suggests that there is still room for improvement in the diode quality. 
 
In a simple model of a p-n junction solar cell, the VOC is proportional to the 
logarithm of the minority carrier lifetime in the cell’s absorber layer. Since our 
absorber layer is lightly doped with boron, the corresponding lifetime is the electron 
lifetime. VOC can then be approximated as  
 







where Vt is the thermal voltage (25.7 mV at 300 K) and e is the electron lifetime.  
 
The VOC data points in Figure 4.7 prior to saturation can be fitted empirically 
with an Arrhenius plot: 
  




  , 
(4.2) 
 
where k is the Boltzmann constant (8.62×10-5 eVK-1) and Ea the activation energy 
(eV). 
 








  , 
(4.3) 
 
where THYD is the hydrogenation temperature (i.e., the substrate temperature during 
hydrogenation).  
 
The results of VOC/Vt versus 1/THYD are plotted in Figure 4.9. The resulting Ea 





Figure 4.9. VOC/Vt versus the inverse of the hydrogenation temperature (square symbols = planar 
sample, triangles = textured samples). The Arrhenius fit lines are also shown.  
 
As can be seen, the textured samples have a lower activation energy than the 
planar sample. The activation energies of samples 188 (planar), 788 (textured) and 
888 (textured) are 1.31 ± 0.67 eV, 0.86 ± 0.25 eV and 0.92 ± 0.26 eV, respectively. 
The lower activation energies of the textured samples could be due to the increase in 
the surface area exposed to the hydrogen plasma. From the atomic force microscope 
(AFM) scan result of area 20×20 µm2, the surface area increases by about 10-20 %. 
The increase in surface area gives the hydrogen atoms more entry points to diffuse 
into the film. Another possible reason could be due to the decrease in diffusion path 
of atomic hydrogen to reach the junction [13] as illustrated in Figure 4.10.  
 
A cross-sectional analysis of textured poly-Si on glass samples is given in 
Chapter 7.  
 
 
Figure 4.10. Illustration of an SPC poly-Si film formed on a textured glass substrate. The shorter 
diffusion thickness compared to the deposited thickness could contribute to the better passivation of the 






























4.3.2 Impact of Hydrogenation Time 
Two textured samples (888 and 1668) were used in this study. We varied the 
hydrogenation time, tHYD, to observe its effects on the 1-Sun VOC and pFF. The hydro-
genation time was varied from 15 to 60 minutes. The microwave power from each 
generator was 1000 W. The Ar gas flow rate was 30 sccm, the H2 gas flow rate 90 
sccm, and the substrate temperature during hydrogenation (or hydrogenation 
temperature, THYD) about 480 ºC for sample 888 and about 310 C for sample 1668.  
 
Figure 4.11(a) shows the results for both VOC and pFF as a function of the 
hydrogenation time for sample 888 with THYD of 480 C, while Figure 4.11(b) is for 
sample 1668 with THYD of 310 C. At THYD of 480 C, the VOC and pFF were found to 
remain roughly unchanged at about 464 mV and 76.8 %, respectively, with 
increasing hydrogenation time, indicating that 15 minutes are sufficient to passivate 
the defects through diffusing hydrogen atoms. At THYD of 310 C, the VOC was found to 
increase logarithmically with hydrogenation time, from about 323 mV at short 
hydrogenation time of 5 min to about 413 mV at long hydrogenation time of 60 
minutes. However, the pFF was found to saturate at 72.8 % after tHYD of 30 minutes. 
This probably indicates that, for lower THYD, a longer time is needed by the hydrogen 
atoms to diffuse deeper into the film to passivate the defects close to the glass 
substrate. Hence, our results are in good agreement with the literature which states 
that hydrogenation of poly-Si films benefits from the enhanced diffusivity of hydrogen 
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Figure 4.11. Measured 1-Sun VOC and pFF of textured samples for varying hydrogenation time for a) 
sample 888 with THYD of 480 C and (b) sample 1668 for THYD of 310 C.  
  
4.3.3 Impact of Process Pressure 
One textured sample (1668) was used in this experiment. We varied the 
process pressure to observe its effects on the 1-Sun VOC and the two OES intensities 
H and H. The microwave power from each generator was 1000 W. The Ar gas flow 
rate was 30 sccm, the H2 gas flow rate was 90 sccm, and the substrate temperature 
during the hydrogenation (or hydrogenation temperature, THYD) was about 480 ºC. 
The hydrogenation time was 15 minutes. The smallest possible pressure achievable 
with this method was 0.04 mbar. Figure 4.12 shows the results for both VOC and 
emission intensities as a function of the process pressure. The VOC was found to 
reduce approximately linearly with increasing pressure, from about 435 mV at small 
pressure to about 405 mV at a high pressure. The emission intensities were both 
found to decrease approximately exponentially with pressure, whereby both 
intensities dropped by about a factor of 4 over the investigated pressure range (0.04 
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Figure 4.12. Measured (a) 1-Sun VOC of textured sample 1668 and (b) H and H emission intensities as 
a function of the process pressure. Each emission intensity data set was fitted with a monoexponential 
function (black lines). 
 
4.3.4 Impact of Microwave Power 
Two planar samples (1578 and 188) were used in this experiment. We varied 
the microwave power to observe its effects on the VOC and the OES intensities. The 
process pressure was 0.04 mbar. The Ar flow rate was 30 sccm and the H2 flow rate 
was 90 sccm. The hydrogenation temperature was about 480 ºC. In this experiment, 
the hydrogenation time was 30 minutes, instead of the standard 15 minutes. Figure 
4.13 shows the results for both VOC and the emission intensities as a function of 
microwave power. As can be seen, for both samples the VOC has a broad peak at an 
intermediate microwave power of about 1000-1500 W. The emission intensities were 
found to depend strongly on microwave power, with both intensities increasing 
linearly with increasing microwave power. This behaviour suggests that an increasing 
microwave power leads to an increase of the concentration of H atoms inside the 
plasma. 
 
















































Figure 4.13. Measured (a) 1-Sun VOC of planar samples 188 and 1578 and (b) H and H emission 
intensities as a function of the power from each of the four microwave generators. Each emission 
intensity data set was fitted with a linear function (black lines).  
  
 The intensity of the OES is proportional to the rate of radiative decay (rad) 
and the density of the excited species A (NA*) [15, 16]. The density of excited species 
depends on several other factors described in Ref. [16], whereby one is the electron 
impact excitation cross section of species A which depends on the electron energy E 
(A(E)). Comparing H and H emissions, Tawara et al. [17] showed that the cross 
section, A(E), of H is larger than the cross section of H. The electron energy 
distribution also changes with plasma power and therefore the cross section also 
changes. In addition, Fujimoto et al. [18] also showed that the ratio of the intensities 
of H to H is less than 1. Hence the difference in the cross sections between H and 
H could explain the difference in the slopes obtained in Figure 4.13. 
 
4.3.5 Hydrogen Gas Flow Rate 
One planar (1578) and one textured (888) sample were used in this 











































rate was varied from 20 to 30 sccm to minimize the argon sputtering of the poly-Si 
film. The microwave power from each generator was 1000 W. The hydrogenation 
temperature was about 480 ºC. The hydrogenation time was 15 minutes.  Figure 4.14 
shows the results for both VOC and the emission intensities as a function of the 
hydrogen gas flow. As can be seen, for both samples the VOC has a broad peak at an 
intermediate hydrogen flow rate of about 60-100 sccm.  
 
One reason for the larger VOC of the textured sample is the higher photocurrent 
caused by the light trapping effect. Furthermore, Matsuyama et al. [19] showed that 
poly-Si thin-films on textured substrates have a larger average grain size and a better 
carrier mobility compared to films on flat substrates. Interestingly, for zero hydrogen 
flow we still observed a significant passivation effect. For sample 1578, the VOC 
before hydrogenation was about 230 mV and it increased to about 333 mV for zero 
hydrogen flow. We believe this is due to water vapour being introduced into the 
chamber via two ways: (i) exposure of the chamber walls to atmosphere during the 
loading/unloading of samples; (ii) water vapour contamination of the process gases 
(the commercial Ar and H2 gases used in our experiments are rated to contain up to 
2 ppm water vapour). In a boron acceptor neutralisation study by Mu et al., a mono-
layer of absorbed water on a c-Si wafer was found to produce a hydrogen concen-
tration of 1018 cm-3 over a depth of several micrometres [20].  
 
 























Figure 4.14. Measured (a) 1-Sun VOC of samples 888 and 1578 and (b) H and H emission intensities 
as a function of the H2 flow rate. 
 
4.3.6 Lateral Uniformity of the Hydrogenation Process 
Because the hydrogenation significantly improves the VOC of our poly-Si solar 
cell samples, the lateral uniformity of the hydrogenation process can be evaluated by 
measuring the VOC of large-area samples before and after the hydrogenation. For this 
work, an a-Si:H precursor diode was deposited by PECVD onto a 3.3 mm thick 
textured borosilicate glass sheet with a size of 30 cm × 40 cm. After the RTA 
processing, this glass sheet was cut into a size of 20 cm × 20 cm, as our currently 
used process is optimised for a 20 cm × 20 cm sample size. The 1-Sun VOC 
measurements were performed by measuring 20 different points on a 400-cm2 
unmetallised textured sample.  
 
Figure 4.15 shows the spatial VOC distributions of textured sample BAS3-10-1 
before and after the hydrogenation. The hydrogenation was conducted using a 
hydrogenation temperature of about 450 ºC, a microwave power of about 1000 W per 
generator, an Ar flow rate of 30 sccm, a H2 flow rate of 90 sccm and a pressure of 
0.04 mbar. 
 

































Figure 4.15. Measured 1-Sun VOC distribution of textured sample BAS3-10-1 (a) before and (b) after 
hydrogenation. The sample size is 20 cm × 20 cm. 
 
Table 4-3 summarizes the average VOC and average pFF with their standard 


















The non-uniformity of the sample’s VOC improved from 5 % to 3 % due to the 
hydrogenation process, whereby the VOC more than being doubled. The Si film 
deposition itself has about 7 % thickness non-uniformity in our deposition tool 




























































(parallel-plate PECVD reactor operating at 13.56 MHz). Thus, static hydrogenation 
with linear microwave plasma sources is well suited for large-area samples. 
 
Table 4-3. Summary of VOC, pFF, and non-uniformities of sample BAS3-10-1.  
 
Average VOC ± 
standard deviation 




Before hydrogenation 193 ± 4 mV 51 ± 0.6 % 5 % 
After hydrogenation 428 ± 6 mV 71 ± 0.8 % 3 % 
 
4.3.7 Hydrogen Concentration 
One of the hydrogenated planar samples (BAS4-15C, hydrogenation time of 15 
minutes, hydrogenation temperature of about 450 ºC, microwave power of about 
1000 W per generator, Ar flow rate of 30 sccm, H2 flow rate of 90 sccm and pressure 
of 0.04 mbar) was sent for SIMS measurements at a commercial service provider 
(Evans Analytical Group, California). Figure 4.16 shows the measured hydrogen 
concentration across the sample. The hydrogen concentration shows a pronounced 
peak just below the exposed poly-Si surface and then drops monotonously with 
distance from the exposed surface. At a distance of 1.5 µm from the exposed 
surface, the hydrogen concentration has fallen to a value of about 1×1019 cm-3. At a 
distance of 1.75 µm from the exposed surface the measurement shows a second 
hydrogen peak (> 1020 cm-3), however, this peak should be ignored as it is very likely 
due to other effects, such as the diffusion of hydrogen from the PECVD silicon nitride 
layer on the glass surface or the presence of an enhanced hydrogen concentration in 
the poly-Si diode’s n+ emitter layer. The average hydrogen concentration up to a 
depth of 1.5 µm from the exposed Si surface is about 5.7×1019 cm-3. The hydrogen 
profile of Figure 4.16 is similar to that reported for the highest-efficiency poly-Si thin-





Figure 4.16. Hydrogen concentration obtained by SIMS. Also shown is the estimated location of the 
silicon/silicon nitride interface. 
 
4.3.8 Discussion 
The increase in the emission intensities as the microwave power increases and 
the pressure decreases could be explained in terms of the free electron density in the 
plasma. Kaiser et al. [4] and Petasch et al. [5] found that either increasing the micro-
wave power or reducing the pressure increases the free electron density. They used 
Langmuir probes to investigate the free electron densities of plasmas generated by 
linear microwave plasma systems. An increase in electron density would likely 
increase the ionization rate of Ar to Ar+. The Ar+ ions would then react with hydrogen 
molecules to produce a higher density of hydrogen atoms and ions. As a result, the 
hydrogen atom related emission intensity would increase according to the equation 
[21]: 
 
 H H HI n  , (4.5) 
 
where IH is the optical emission intensity from H atoms and nH the density of H atoms 
in the ground state, H the excitation efficiency of the plasma to excite an H atom 
from the ground state to the excited state responsible for the optical emission.  
 
In our experiments, we found that decreasing the pressure below 0.075 mbar 
and increasing the microwave power above about 1200 W do not significantly 
improve the VOC of our samples, even though the H atom related emission intensities 
keep increasing. The initial increase in VOC by increasing the power from 800 to 1000 


































W could be due to the increased H atom density inside the plasma. However, as the 
power increases further, the H atom density in the plasma keeps increasing. When 
two H atoms are close to each other, they can recombine to form molecular H2 [22], 
slightly reducing the density of free H atoms in the plasma.  
 
The slight decrease in the VOC with an expected increase in H concentration in 
the plasma due to increasing microwave power and reducing pressure can also be 
explained by the "excessive" hydrogen in the film. In studies done by Nickel et al. 
hydrogen platelets were formed near the surface, acting as defects or traps [23]. 
These defects could lead to increased rear surface recombination losses. In addition, 
hydrogen atoms have also been found to neutralise boron dopants [24, 25]. The 
neutralisation of boron dopants will reduce the passivation effect of the BSF. As a 
result, the surface recombination losses increase and thus the VOC decreases. 
 
The highest VOC obtained in this study was 465 mV, which is lower than the 
state of the art value of 492 mV achieved by CSG Solar on a mini-module. Other 
factors not considered in this study may limit the magnitude of the VOC improvement 
of our samples, such as defects that cannot be passivated by hydrogen, non-
optimised doping profiles, location of the p-n junction and the grain size. In addition, 
the VOC also depends on the optimised RTA process parameters and SPC 
conditions. Rau et al. [26] have shown that the VOC obtained after the hydrogenation 
process depends strongly on the prior RTA treatment. We are thus optimistic that VOC 





In this work, a remote plasma system with four identical linear microwave 
plasma sources was used to statically (i.e., non-moving substrate) hydrogenate poly-
Si thin-film solar cell on glass samples with an area of up to 400 cm2. The hydro-
genation temperature was in the range of 450 to 480 C. The plasma conditions were 
optimised by observing the intensities of two hydrogen atom related optical emission 
lines and by measuring the 1-Sun VOC of the samples as a function of the process 
pressure, microwave power, and H2 gas flow rate. Good hydrogenation results were 
obtained for our samples using a hydrogenation temperature of about 480 C, a 
microwave power of about 1000 W for each of the four microwave generators, a gas 
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flow rate of 30 sccm for Ar and 90 sccm for H2, and a low process pressure of about 
0.07 mbar. The VOC of our samples was found to decrease approximately linearly 
with process pressure. Interestingly, we also observed a significant hydrogenation 
effect in our samples for zero hydrogen flow rate. This is very likely due to water 
vapour that was unintentionally introduced into the chamber during sample loading or 
via the process gases.  
 
The impact of substrate temperature was also investigated. Hydrogenation 
temperatures of about 400 oC and hydrogenation time of at least 30 minutes are 
sufficient to saturate the VOC. The VOC data points prior to the saturation are also 
fitted empirically with an Arrhenius plot. The results show that the textured samples 
have lower activation energies than the planar sample. The activation energies of 
samples 188 (planar), 788 (textured) and 888 (textured) are 1.31 ± 0.67 eV, 0.86 ± 
0.25 eV and 0.92 ± 0.26 eV, respectively. The lower activation energies of textured 
samples could be due to the shorter diffusion thickness and increase in surface area 
exposed to hydrogen plasma. 
 
The uniformity of the hydrogenation process was evaluated using a 400-cm2 
unmetallised textured poly-Si diode sample. The non-uniformity of the sample's VOC 
improved from 5 % to 3 % as a result of hydrogenation process (hydrogenation time 
of 15 minutes at hydrogenation temperature of 450 C), while the average 1-Sun VOC 
itself increased from about 193 to about 428 mV. In addition, the concentration of 
hydrogen inside the poly-Si thin-film diode was found to be similar to that reported for 
the highest-efficiency poly-Si thin-film solar cells on glass achieved by the CSG 
Solar. Compared to the high hydrogenation temperatures (> 600 ºC) of CSG Solar 
and Gorka et al. [27], our hydrogenation temperature is much lower. While the 
highest VOC obtained by CSG Solar is about 492 mV, we think that the impact of 
other processes such as formation of voids could be a limiting factor. The formation 
of voids will be discussed in Chapter 7. 
 
From the results obtained in this study, it appears that the linear microwave 
plasma source method is well suited for the industrial static hydrogenation of very 
large (> 1 m2) poly-Si thin-film structures on glass, by appropriately increasing the 
number and the length of the linear microwave plasma sources. Both the relatively 
low substrate temperature (~450 ºC) and the relatively low gas flow rates used are 
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CHAPTER 5 -  ECV AS A NOVEL METHOD FOR DOPING 
PROFILING OF POLYCRYSTALLINE SILICON  
5.1 Introduction  
 
In this chapter, the doping concentration profiles of a planar n+ poly-Si film, a 
planar p+ poly-Si film and a textured n+ poly-Si film were studied using the electro-
chemical capacitance-voltage (ECV) and the Hall methods. The doping concentration 
profiles, sheet resistances, and the Hall mobilities of these three types of poly-Si films 
were investigated after the solid phase crystallisation (SPC) process, the rapid 
thermal annealing (RTA) process, and the hydrogenation (HYD) process. In addition, 
the impact of each process on the majority carrier mobility and the sheet resistance 
of each film were studied.  
 
Furthermore, the doping concentration profiles obtained by the ECV method on 
textured diodes are compared with those from the planar diodes. Three textured 
diodes and one planar diode are used in this study.  
 
This chapter is structured in the following way: First, the details on the theory 
and the experimental setup of the ECV method are presented. Then the results on 
the doping concentration measurements on highly doped polycrystalline silicon thin 
films on glass are presented and discussed. The details of the sample fabrication 
process and the characterisation methods used are described. The Hall method is 
discussed in Section 5.3.1.1. Subsequently the simulation results on the impact of 
the increasing doping concentration of the highly doped regions of planar poly-Si 
thin-film on the VOC and JSC are presented. Then follow the results of the doping 
concentration study on textured poly-Si diodes on glass. Finally, a conclusion section 
summarises the ECV characterisation method for poly-Si films and diodes on glass. 
 
5.2 Electrochemical Capacitance-Voltage Method  
 
The ECV characterisation method can be used to profile the active doping 
concentration in a semiconductor material. A semiconductor sample under study is 
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locally exposed to a suitable electrolyte, forming an electrolyte-semiconductor 
Schottky contact. A suitable electrolyte is needed to etch the semiconductor sample 
and to perform capacitance-voltage (C-V) measurements. Ambridge et al. proposed 
a system that performs both the etching process and the C-V measurement in the 
same system [1]. 
 
The etch depth can be controlled via the applied current. From the C-V 
measurements under reverse bias condition, one can obtain the active doping 
concentration at the edge of the depletion region below the electrolyte-semiconductor 
interface. By means of repetitive etching processes and C-V measurements, the 
doping profile of the sample can be generated. A review of the ECV measurement 
technique is given in Ref. [2].  
 
Depth profiling is obtained by dissolving the semiconductor electrolytically, 
which depends on the presence of holes. For p-type semiconductors, holes are 
abundant and dissolution is obtained by forward biasing the electrolyte-
semiconductor junction. For n-type material, holes are generated by illuminating and 
reverse biasing the junction [3]. 
 
Similar to a metal-semiconductor contact, the electrolyte-semiconductor contact 
has its own I-V characteristics. In general it can be divided into three regions of 
operation, as shown in Figure 5.1. They are the C-V measurement region, the porous 
silicon formation region, and the electro-polishing region. The ECV method of doping 
profiling is ideally using the C-V measurement region to obtain the doping 
concentration and electro-polishing region for the etching process. More details on 
the I-V characteristics of electrolyte-silicon contacts can be found in Ref. [4]. 
 
 
Figure 5.1. The three regions of the I-V characteristics of electrolyte-silicon contacts: C-V measurement, 
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By measuring the current flowing through the semiconductor, the amount of 
materials being etching can be calculated based on the Faraday Law of Electrolysis. 












where Q is the total measured charge (C), e the charge of one electron (C), Val the 
number of valency electrons per silicon atom, Mmol the molar mass of silicon (28 
g/mol), NA the Avogadro constant (6×10
23 mol-1),  the density of silicon (2.33 g/cm³) 
and A the etched area (cm2). 
 
The interaction between the electrolyte and the semiconductor surface creates 
a depletion region in the semiconductor with an interface barrier height which is also 
known as Schottky barrier. By applying an external voltage to the system, the width 
of the depletion region can be varied. The C-V measurement is then performed with 
a fixed reverse DC bias and a small superimposed AC signal. The AC frequency 
used is in the range of 1 to 50 kHz. The width of the depletion region responds to the 
changing AC signal. The changing depletion region width results in a changing 
current flow (AC signal). The current signal is similar to that of a parallel-plate 
capacitor with varying plate distance. Hence the capacitance can be measured using 
the parallel-plate capacitor model. The majority carrier concentration N is related to 


















where V is applied DC voltage (V), 0 the permittivity of free space (F/cm) and r the 









  , 
(5.3) 
 




 depth etch depletion
x x x  , 
(5.4) 
 
Figure 5.2 summarise the ECV measurement theory being discussed. More details 
on the theory can be found in Refs. [4, 5] and the references therein. 
 
 
Figure 5.2. Schematic illustration of the ECV measurement process. The etched depth can be 
calculated from the measured current. The doping concentration is calculated from the measured 
capacitance. 
 
The doping concentration profiles of the films were characterised with the ECV 
method. The main advantage of this method is that it does not require any metal 
contacts to the films. The conventional capacitance-voltage (C-V) method [6] needs 
one Schottky contact and one ohmic contact in a dot-ring structure on the measured 
film on an insulating substrate. We use a commercial ECV doping profiler system 
(model CVP21 ECV Profiler from WEP Control, Germany). The ECV schematic setup 
and the actual system are shown in Figure 5.3 and Figure 5.4, respectively. Eutectic 
GaIn paste was used to form a good ohmic contact between the sample and the 
measurement probes. The electrolyte solution was prepared by dissolving 2.89 g of 
NH4FHF (ammonium bifluoride, ABF) salt into 500 mL of de-ionised water, giving a 
0.1 M solution. The etched area was about 0.100 cm2, as defined by the sealant ring. 
 
Based on atomic force microscope measurements, the surface area 
enhancement factor of the textured samples is about 1.2. Hence, for the textured 
samples we used an area of 0.12 cm2, as compared to 0.10 cm2 for the planar 
samples. During the etching process, the voltage applied was 1.5 V with respect to 
the saturated calomel electrode (SCE). The halogen lamp was turned on to assist in 
the etching process. The C-V measurements were performed across an applied 































measured doping concentration values was determined from the non-linearity of the 
1/C² curve [5]. More details on the ECV method can be found in Refs. [1, 2, 7, 8]. 
 
 
Figure 5.3. ECV setup used in this work. The electrolyte consists of 0.1 M ammonium bifluoride solution 
and the sealant ring defines an area of about 0.100 cm
2
. Light from a halogen lamp is used to assist in 
the etching process. 
 
 
Figure 5.4. The actual measurement system (model CVP21 from WEP Control). The ABF solution is 
used both for etching and for forming a Schottky contact with the silicon.  
 


























5.3 Study of Doping Concentration on Polycrystalline Silicon 
Films 
5.3.1 Experimental Details 
In this work, an ~600 nm thick planar n+ poly-Si film, an ~500 nm thick textured 
n+ poly-Si film, and an ~300 nm thick planar p+ poly-Si film were prepared. For each 
sample, a ~70 nm thick SiNx layer was first deposited by plasma-enhanced chemical 
vapour deposition (PECVD) onto a 3.3 mm thick planar or textured borosilicate glass 
substrate of size 30 cm × 40 cm. For the textured sample we added an ~100 nm 
thick SiOx film prior to the deposition of the SiNx layer, to improve the diffusion barrier 
properties and thus to minimise the diffusion of impurities from the glass into the 
silicon film [9]. For the textured sample, the silicon-facing surface of the glass sheet 
was textured with the aluminium induced texturing (AIT) method [10-12], giving a 
texture feature size in the range of about 1-5 µm [11]. Table 5-1 summarises the 
PECVD parameters used for the deposition of the a-Si:H films. Finally, a 100 nm 
thick SiOx capping layer was deposited to act as a barrier layer to impurities diffusing 
from the ambient during the SPC and RTA processes. All the deposited films were 
planned to have a constant “chemical” doping density throughout the film (i.e., a 
constant density of doping atoms). Hence the PECVD parameters were kept 
constant throughout the depositions. 
 
The a-Si films were then annealed to form polycrystalline silicon via the SPC 
method (see Chapter 2). Subsequently, the samples were annealed at 1000 C for 1 
minute using an RTA system (see Chapter 6). After the RTA process, the samples 
were hydrogenated to passivate a large fraction of the remaining defects. The 
hydrogenation process was described earlier in Chapter 4. A summary of the 
fabrication process sequence is shown in Figure 5.5. 
 
Table 5-1. PECVD parameters used for the deposition of the a-Si:H films. 
Process condition n-type a-Si:H layer p-type a-Si:H layer 
SiH4 (sccm) 12 40 
2 % PH3:H2 (sccm) 0.5 0 
100 ppm B2H6:H2 (sccm) 0 12 
Substrate temperature (ºC) 380 380 
Pressure (Pa) 80 107 
RF power density (mW/cm
2





Figure 5.5. Fabrication process sequence for the samples investigated in this work. 
  
The samples’ sheet resistances (RSheet) were measured with the four-point 
probe (4PP) method. A total of 16 points were measured across the sample size of 5 
cm × 5 cm, to obtain the average RSheet and standard deviation (as error bar) values. 
 
The doping concentration profiles of the films were characterised with the ECV 
method described earlier in Section 5.2. The majority carrier mobility and the average 
majority doping concentration of each sample were measured by the Hall effect 
method described in Section 5.3.1.1.  
 
To summarise, the fabrication sequence of our samples was in the following 
order: SPC, RTA and HYD. The labels used after each process step are: after SPC, 
after RTA, after HYD. After each process step, the samples were characterised with 
the four-point probe, the Hall, and the ECV methods. 
 
5.3.1.1 Hall Method 
The Hall effect is created when electrical and magnetic forces are applied on 
moving charges. The Hall effect phenomena can be used to differentiate between a 
p-type or n-type semiconductor and is commonly used to measure the majority 
carrier concentration and majority carrier mobility. Figure 5.6 shows the simplified 
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where d is the thickness of the sample, VH the measured Hall voltage (V), Bz the 
applied magnetic field in z-direction (T) and Ix the current flowing in x-direction. For 
an arbitrary shape of a sample, a van der Pauw method [13] is used to measure the 
resistivity and Hall coefficient. The details of the mathematical derivation and more 
detailed discussion on the Hall effect can be found in many semiconductor devices 
and physics textbooks [3, 6, 14].  
 
 
Figure 5.6. Simplified schematic diagram illustrating the Hall effect measurement.  
 








  , 
(5.6) 
 
where r is the Hall scattering factor and q the elementary charge (C). The Hall 
scattering factor depends on the scattering mechanisms in the semiconductor and it 











where  is the resistivity of the semiconductor (cm). The Hall mobility differs from 















 ; H p H nr r     , (5.8) 
 
for an extrinsic p-type or n-type semiconductor, respectively.  
 
The majority carrier mobility and the doping concentration of each sample were 
measured with a Hall effect measurement system (model HL5500 from Accent). For 
a non-uniformly doped film, the Hall effect method measures the average carrier 
mobility and doping concentration [3]. The Hall effect measurements were done with 
a magnetic field strength of 0.32 T at a sample temperature of 300 K. The sample 
size was about 1 cm × 1 cm. The system was calibrated using a c-Si reference 
sample at the identical magnetic field strength. The van der Pauw method was used 
to measure the Hall effect, whereby a gallium indium (GaIn) eutectic paste was used 
to create the contact pads. A value of 1 was assumed for the Hall scattering factor. 
 
5.3.2 Doping concentration of poly-Si films 
Figure 5.7 shows the ECV measured doping concentration profiles for planar n+ 
and p+ poly-Si films after SPC, after RTA, and after HYD. The average doping 
concentration obtained by ECV is taken over the range indicated by the dashed 
vertical lines in the graphs and the resulting average value for each film is shown in 
Table 5-2. Based on the ECV measurements, the average doping concentration of 
the planar n+ poly-Si film increased by ~20 % due to the RTA process and by a 
further ~5 % due to the HYD process. In contrast, the average doping concentration 
of the planar p+ poly-Si film was found to decrease by ~6 % due to the RTA process 
and by a further ~16 % due to the HYD process. 
 
 










































Figure 5.7. Active doping concentration obtained with the ECV method for (a) a planar n
+
 poly-Si film 
and (b) a planar p
+
 poly-Si film. In each graph, the range of data points used for obtaining the average 
doping concentration is given by the two dashed vertical lines. 
 
Figure 5.8 shows the active doping concentration profiles of a textured n+ poly-
Si film as being obtained by the ECV method, after the three processing steps (SPC, 
RTA, HYD). The average values over the indicated range are summarised in Table 
5-2. Based on the ECV measurement results, the average doping concentration of 
the textured n+ poly-Si film increased by ~9 % due to the RTA process and a further 
~62 % due to the HYD process. However, as it will be discussed in Section 5.3.3, the 
significant increase in the doping concentration due to the hydrogenation is very 
likely due to a measurement artefact. 
  
 
Figure 5.8. Active doping concentration obtained with the ECV method for an n
+
 poly-Si film made on a 
textured glass substrate. The range of data points used for obtaining the average doping concentration 
is given by the two dashed vertical lines. 

















































































The doping concentrations obtained by the Hall method for these three films 
are summarised in Table 5-2. Based on the Hall measurements, the average doping 
concentration of the planar n+ poly-Si film was found to increase by ~3 % due to the 
RTA process and by a further ~5 % due to the HYD process. The average doping 
concentration of the planar p+ poly-Si film was found to increase by ~34 % due to the 
RTA process and then to decrease by ~2 % due to the HYD process. The average 
doping concentration of the textured n+ poly-Si film was found to decrease by ~5 % 
due to the RTA process and a further ~7 % due to the HYD process. 
 































































       
% after RTA -5.8 33.6 19.9 3.4 9.0 -4.6 
% after HYD -16.3 -2.4 4.7 5.0 61.8 -7.0 
 
The determination of the average doping concentration with the Hall method 
requires the thickness of the film as an input value. In our case, the thickness used 
was the etched depth obtained by the ECV method. We verified the etched depth of 
the planar n+ film by measuring the thickness of the deposited planar n+ a-Si:H film 
(after removal of the capping oxide layer), using spectroscopic ellipsometry (GES 5E 
Sopra, France). The Tauc-Lorentz model was used to model the dielectric functions 
of the a-Si:H film [15]. The obtained thickness was about 675 nm. The etched depths 
of the planar n+ poly-Si samples after SPC, after RTA and after HYD were averaged. 
The average depth was found to be about 663 nm. Hence, the etched depth obtained 
from the ECV method is comparable to the thickness obtained using spectroscopic 
ellipsometry. It is also generally accepted that the a-Si:H film density ( < 2.3 g/cm3) 
is lower than that of a poly-Si film (  2.3 g/cm3) [16], which means that the film 
thickness shrinks when the a-Si:H is crystallised to poly-Si. Hence, the thickness of 
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the a-Si:H film obtained from spectroscopic ellipsometry represents an upper limit for 
the poly-Si film thickness. 
 
Figure 5.9(a) shows the average doping concentrations as being obtained by 
the ECV and the Hall methods. Figure 5.9(b) shows the ECV/Hall average doping 
concentration ratio for the three processing stages (after SPC, after RTA, after HYD). 
The ratios can be categorised into low and high ratios. The low ratio lies in the range 
of about 1.6 to 2.2, while the high ratio lies in the range of about 3.1 to 3.3. The films 




Figure 5.9. (a) Average doping concentrations as obtained by the ECV method and the Hall method; (b) 
ECV/Hall average doping concentration ratios for the three types of poly-Si films, after three processing 
steps (SPC, RTA, HYD). 
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5.3.3 Porous Silicon Formation during the ECV process 
To investigate further, we removed the samples halfway through the ECV 
measurement process. We removed each sample after an about 200 nm thick layer 
had been etched off. The samples’ surfaces were then imaged using a scanning 
electron microscope (SEM) (Auriga, Carl Zeiss, Germany). We found that the ECV 
process formed a porous silicon layer on samples that had received the HYD 
process. Figure 5.10 shows secondary electron images of the planar n+ poly-Si 
sample and the textured n+ poly-Si sample after SPC, after RTA and after HYD. 
Images of the planar p+ poly-Si samples are not shown here, as they are similar to 
those of the planar n+ poly-Si sample. 
 
  
Figure 5.10. Secondary electron images of (a) a planar n
+
 poly-Si film and (b) a textured n
+
 poly-Si film. 
Prior to taking these images, an approximately 200 nm thick silicon layer was etched off from the 
samples. 
 
Porous silicon formation was observed on both planar and textured n+ poly-Si 
samples after HYD. However, there is an observable exponential increase in the 
doping concentration as a function of depth for the textured sample, but not for the 
planar sample (see Figure 5.7 and Figure 5.8). It therefore seems that the porous 
silicon formation, in conjunction with the textured film surface, may have introduced a 
textured n + poly-Si 
after SPC
textured n + poly-Si 
after RTA
textured n + poly-Si 
after HYD
planar n + poly-Si  
after HYD
planar n + poly-Si 
after RTA
planar n+ poly-Si 
after SPC
4 µm 4 µm
a)
b)




measurement artefact using the ECV method. It is also possible that the density of 
pores increased as the film was etched down, and hence the active area increased 
as a function of depth. As a result, the capacitance increases. Since the ECV system 
measures the capacitance and we assumed a constant surface area for these ECV 
measurements, the obtained doping concentration increases. The increase in doping 















where C is the capacitance formed between the electrolyte-semiconductor system 
(F), N the active doping concentration (cm-3), e the elementary charge (C), o the 
permittivity of free space (F cm-1), r the relative permittivity of silicon, A the active 
area (cm2), V the applied external voltage (V), and Vfb the flatband potential (V). 
 
There are numerous models in the literature that explain the pore formation in 
c-Si. One of the models that could explain the observed porous silicon on our films 
due to the hydrogenation process is the current burst model. This model was 
proposed by Carstensen et al. [17] and Foll et al. [18] in the early 2000s. It states that 
the c-Si surface needs to be terminated by hydrogen before nucleation of pores can 
occur. The hydrogen termination step requires a significant amount of time and 
therefore it is a crucial contributing factor. The rate of hydrogen termination depends 
on the crystal orientation and is fastest on the (111) Si surface. Therefore the 
chances of a current burst are influenced by surfaces of different crystal orientations 
[19]. The silicon dangling bonds present in poly-Si were largely terminated during the 
hydrogenation process through passivation of these bonds with hydrogen atoms. 
These hydrogen-terminated bonds could potentially act as a nucleation site for the 
pore formation. Other precursors for porous silicon formation are the voltage, the 
current and the concentration of the HF solution [4, 17-19]. 
  
5.3.4 Mobility and sheet resistances results 
Figure 5.11 shows the Hall mobilities and the sheet resistances of the three 
investigated films (planar n+ poly-Si, planar p+ poly-Si and textured n+ poly-Si) after 




Figure 5.11. Hall mobilities (top) and sheet resistances (bottom) of the three investigated poly-Si films. 
 
For the planar n+ poly-Si film, the mobility was found to increase by 23 % due 
to the RTA process and then to decrease by 21 % due to the HYD process. For the 
textured n+ poly-Si film, the mobility was found to increase by 30 % due to the RTA 
process and then to decrease by about the same percentage due to the HYD 
process. The decrease in the carrier mobility after HYD most likely contributed to the 
increase in the sheet resistance. The thickness non-uniformity of the textured n+ poly-
Si film makes it difficult to compare the sheet resistance values directly. Note that the 
sheet resistance of a film is a function of the majority carrier mobility, the doping 
concentration and the thickness. Nevertheless, both the mobility values of planar and 
textured poly-Si films after HYD reduced to a slightly lower value than the mobility 
value after SPC. This indicates that the HYD process could have caused an increase 
in the scattering of the carriers in both films. 
 
For the planar p+ poly-Si film the mobility was found to increase by about a 
factor of 3 due to the RTA process, and then to increase by a further ~26 % due to 
the HYD process. The large increase due to the RTA process is most likely the main 











































































reason for the large (factor 4) decrease of the RSheet. The further ~26 % increase in 
the mobility value due to the HYD process reduces the RSheet by ~20 %. Again, the 
minor differences in thickness and average doping concentration among these films 
make the direct comparison of the RSheet difficult. Nevertheless, the carrier mobility of 
the film was found to improve due to each process step, which was not the case for 
the n+ poly-Si films.  
 
5.3.5 Discussion 
 Since the Hall-determined doping concentration and the mobility of the films 
are also affected by the grain size, we measured the average grain size using the 
electron backscattered diffraction (EBSD) technique. The EBSD system used is a 
Quantax EBSD CrystAlign from Bruker, Germany. Figure 5.12  shows the grain size 
distribution and grain map of planar n+ and planar p+ of poly-Si films. The average 
grain size of the planar n+ poly-Si film (7.5 µm over 99 grains) was found to be 
about 4 times larger than that of the planar p+ poly-Si film (2.1 µm over 153 grains). 
 
 
Figure 5.12. Grain size distribution and grain map obtained by the EBSD method for a) planar n+ and b) 
planar p+ poly-Si films. 
 
a) Grain size distribution and grain map of planar n+ poly-Si film 
b) Grain size distribution and grain map of planar p+ poly-Si film 
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The low ECV/Hall average doping concentration ratio obtained could be due to 
the assumed Hall scattering factor of unity for all the measurements. The Hall 
scattering factor for semiconductor materials can generally vary between 1 and 2, 
depending on the scattering mechanisms [3]. A higher Hall scattering value would 
increase the doping concentration obtained by the Hall method and hence reduce the 
ECV/Hall average doping concentration ratio. In addition, the determination of an 
accurate Hall scattering factor for poly-Si films is challenging. Bennett found that the 
carrier density measured by the Hall method can underestimate the actual carrier 
density. The underestimation can be influenced by the potential barrier heights at the 
grain boundaries, the grain size, and the doping concentration [20].  
 
The ECV/Hall average doping concentration ratio of the planar p+ poly-Si film 
after SPC has a relatively high value of about 3.1. One possible reason is that the 
scattering factor of p+ poly-Si after SPC is higher than that of the films with low ratio, 
due to the smaller grain size. Another reason could be a large potential barrier height 
at the grain boundary due to unsatisfied dangling bonds. The ECV/Hall average 
doping concentration ratio of the textured n+ poly-Si film after HYD also has a 
relatively high value (~3.3). This is due to the greater average doping concentration 
obtained by the ECV method than by the Hall method, as a result of the exponential 
increase in the doping concentration as shown in Figure 5.8. This is very likely a 
measurement artefact (as described in Section 5.3.3) and hence should be ignored. 
 
The reason why the mobility of the p+ films improved due to the HYD process 
while that of the n+ films degraded can be explained with the resistivity model 
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where B is the grain boundary resistivity (cm), c the intra-grain resistivity (cm), 
W the depletion region width (µm) at the grain boundary, and L the grain size (µm). 
The resistivity is linked to the effective mobility µ eff (in cm












where q is the elementary charge (C) and p the average majority carrier (hole) 
concentration (cm-3). 
 
The doping concentration of the n+ poly-Si film (1020 cm-3) was found to be 
almost two orders of magnitude higher than that of the p+ film (1018 cm-3). From 
Equation (5.10), when the grain size L is much larger than W, the overall resistivity is 
mainly determined by the intra-grain resistivity. Also, a high doping concentration 
lowers the potential barrier at the grain boundaries [22, 23]. As a result, the electrical 
properties of the planar n+ film are less influenced by the potential barrier at the grain 
boundaries but are mainly influenced by the intra-grain electrical properties [24]. The 
hydrogen in the planar n+ film could possibly increase the scattering by forming 
hydrogen platelets [25]. The increase in scattering could result in an increased intra-
grain resistivity. The reduction in mobility due to excessive hydrogenation has also 
been found in laser-crystallised poly-Si doped with phosphorus [26]. The presence of 
Si-H2 bonds was thought to be the reason for the mobility degradation.  
 
We do not have sufficient evidence on the grain size distribution of the textured 
n+ poly-Si films. Assuming that the textured n+ film has a similar average grain size 
than the planar n+ film, the electrical properties of the textured n+ film also seem to be 
mainly influenced by the intra-grain electrical properties. Thus, the mobility of 
textured n+ films behaves similarly as that of planar n+ films. 
 
On the other hand, the mobility of planar p+ poly-Si films seems to benefit from 
the hydrogen passivation of defects at the grain boundaries. With the smaller grain 
size and lower doping concentration compared to the planar n+ poly-Si film, the grain 
boundary resistivity could play a more dominating role in determining the mobility. 
The passivation effect lowered the potential barrier at the grain boundaries and 
hence reduced the grain boundary resistivity. The film could still suffer from an 
increase in the intra-grain resistivity due to the hydrogenation process. However, the 
reduced resistivity at the grain boundaries outweighed the increase in the intra-grain 
resistivity. Thus the overall resistivity decreased, resulting in a mobility improvement. 
 
5.4 Modelling and Simulation of Poly-Si Thin-film Solar Cells 
 
The ECV/Hall average doping concentration was found to be up to about a 
factor of 3.3. We further investigated the impact of varying the doping concentration 
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in the highly doped regions (> 1017 cm-3) of n+ emitter and p+ back surface field (BSF) 
regions on the device parameters such as VOC and JSC using commercial PC1D 
simulator software. We investigated a planar sample (SPC11-1) since the planar 
sample does not show increasing doping concentration after hydrogenation process 
as discussed in earlier section.  
 
5.4.1 Measurement and Simulation Details 
We first established a simulation baseline by obtaining a good fit between the 
measured I-V, external quantum efficiency (EQE), internal quantum efficiency (IQE) 
data and the simulated I-V, EQE and IQE data. The quantum efficiency (QE) of the 
cell was measured using Solar Cell Scan 100 system from Zolix, China. A good fit 
was also obtained between the measured reflectance and the simulated reflectance 
for the wavelength range from 400 to 1100 nm. A UV-Visible spectrometer (model 
Lambda 950 from Perkin Elmer, USA) was used to measure the reflectance of the 
sample. The doping concentration profile of the planar sample was obtained using 
the ECV method and the results were entered into the PC1D simulator software. The 
planar sample has the structure: glass/70 nm SiNx/100 nm n
+/2 µm p-/100 nm p+. The 
metallisation process of poly-Si thin-film solar cells used is similar to the approach 
described in Ref. [27]. About 5.6 % of the active solar cell area was etched down to 
form the finger contacts with the n+ emitter. For the I-V measurements, a total active 
area of about 1.84 cm2 was used to obtain the JSC.  
 
5.4.2 Measurement Area 
In order to compare the results from the PC1D simulations, the QE 
measurements and the I-V measurements, the area used is the total active area. The 
simplified metallisation pattern schematic is shown in Figure 5.13, using a top-view 
perspective. The active silicon areas are indicated in blue. The remaining area is 
etched down to the n+ emitter layer and is indicated in grey. The sizes for the fingers 
and busbars are also shown in the figure. A photograph of an actual metallised 





Figure 5.13. Schematic representation of the metallisation pattern of the investigated poly-Si thin-film 
solar cells on glass. The dimensions of the fingers and busbars are also indicated.  
 
 
Figure 5.14. Photograph of the actual metallised planar sample SPC11-1, consisting of 8 sub-cells. The 




Figure 5.15 shows the comparison of the areas for the PC1D simulator 
software, QE measurement and I-V measurement. The region marked with the red 
























Figure 5.15. The schematic representation of the top view of solar cell used in the (a) PC1D simulator 
software, (b) QE measurement and (c) I-V measurement. The regions marked with red rectangles are 
the region where the light is shone on the sample. The active area is indicated in blue colour. 
 
Figure 5.16 shows a cross-sectional schematic of a metallised poly-Si thin-film 
solar cell on glass. The metallisation process used is described by Gress et al. in Ref. 
[27]. The rear Al plus the SiOx layer jointly act as a back surface reflector (BSR).  
 
 
Figure 5.16. Cross-sectional schematic of a metallised poly-Si thin-film solar cell on glass.  
 
In the PC1D simulator software, since metal shading is not considered, the 
total active area is given by the defined area which in this case is 1.0 cm2. The entire 
defined area is assumed to be illuminated by the AM1.5G spectrum. In the QE 































5.15 and Figure 5.16. For simplification, assuming a rectangular illuminated area, the 
ratio of photoactive area to the total illuminated area is 425/450 = 94.4 %. In the 
1-Sun I-V measurement, the entire area of the solar cell (including both busbars) is 
exposed to the incident light, giving an area of 2.08 cm2. However, the photoactive 
area is only 1.84 cm2. The JSC is then obtained by dividing the total measured ISC by 
1.84 cm2. Hence the current density comparison between the PC1D simulation 
results and the QE and I-V measurements is based on the photoactive area.  
 
5.4.3 Simulation Results 
The most important fit parameters used in the PC1D simulations are 
summarised in Table 5-3. Parameters that are not shown assumed the software’s 
default values for crystalline silicon material. The measured and the simulated results 
of the quantum efficiencies are shown in Figure 5.17, while the I-V results are shown 
in Figure 5.18. The difference between the simulated and the measured EQE and I-V 
results can be due to several factors, such as spectral mismatch or absorption in the 
glass (which is not accounted for in the PC1D simulator). Moreover, the ideal sample 
structure has 3 regions of n+ emitter, p- absorber and p+ BSF layers. However, due to 
smearing of phosphorus atoms from the n+ emitter layer to the p- absorber layer, an 
additional n- absorber layer is added. Hence four regions are used to better simulate 
the doping concentration and the lifetime properties of actual samples. More details 
about the dopant smearing will be given in Chapter 6.  
 
Table 5-3. Fit parameter values used in the PC1D simulations. 
Parameter Value Unit 
Front external - coated 
 upper layer – thickness 0 nm 
 upper layer – refractive index 1 - 
 middle layer – thickness 3.3 mm 
 middle layer – refractive index 1.47 - 
 lower layer – thickness 75 nm 
 lower layer – refractive index 1.89 - 
 
Internal reflectance 
 front surface – first bounce 8 % 
 front surface – subsequent bounce 0 % 
 rear surface – first bounce 95 % 
 rear surface – subsequent bounce 0 % 
 
Region 1 Parameters  
 thickness 219 nm 
 minority carrier lifetime, n0 = p0 0.5 ns 




Region 2 Parameters 
 thickness 655 nm 




Region 3 Parameters 
 thickness 974 nm 
 minority carrier lifetime, n0 = p0 3.5 ns 
 
Region 4 Parameters 
 thickness 218 nm 
 minority carrier lifetime, n0 = p0 3 ns 





 Total shunt resistance 333 Ohm 




Figure 5.17. Comparison between measured and simulated reflectance, EQE and IQE results of a 
planar poly-Si thin-film solar cell on glass. 
 
 
Figure 5.18. Comparison between measured and simulated 1-Sun I-V results of planar poly-Si thin-film 
solar cell on glass. 
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The doping concentrations of the highly doped regions (> 1017 cm-3) were then 
increased by factors of 2 and 4. The modified doping concentration profiles are 
shown in Figure 5.19 and the simulated VOC and JSC results are then compared with 
the baseline results. We found that the VOC only increases by at most 1.3 mV and the 
JSC increases by about 0.1 mA/cm
2. The results suggest that the planar poly-Si thin-
film solar cell’s VOC and JSC are not sensitive to the changes in the investigated range 
of highly doped regions.  
 
 
Figure 5.19. The measured doping concentration profiles of a planar sample. In the simulations, the 




) are increased by a factor of 2 and 4. 
 
The changes in the doping concentration of the highly doped regions (emitter 
and BSF layers) have no significant impact on the VOC and JSC of the device. Hence, 
the discrepancy in the measurement results between the two methods (Hall and 
ECV) has no practical significance for the investigated devices. This suggests that 
the cheaper and simpler ECV method is suitable for the optimisation of the doping 
concentration profiles of poly-Si thin-films on glass.  
 
However, some of the parameters used (e.g. minority carrier lifetime in region 2 
and 3) in the simulation assume that the poly-Si thin-film material has the same 
material quality for different emitter and BSF doping concentrations. The doping 
concentration has been found to influence the poly-Si material quality through the a-
Si deposition and the crystallisation kinetics. The doping concentration and the 
PECVD deposition conditions of the n+ emitter layer have been found by Matsuyama 
et al. to influence the SPC kinetics and the grain size of the poly-Si with n+/intrinsic-
layer stack films on quartz [28, 29]. The different quality of poly-Si is expected to 
influence the final device properties. Also, the different doping profiles of the highly 
















































doped regions can diffuse differently during the RTA process, resulting in different 
junction locations. 
 
In addition, the impact on the fill factor is not considered in this study. The 
series resistance affects the cell’s fill factor and final conversion efficiency. The series 
resistance may be affected by the changes in the doping concentration of the highly 
doped regions, which is an important subject for future investigations. The thickness 
and the doping concentrations of the highly doped regions will be the two important 
optimisation parameters in achieving a good series resistance.  
 
5.5 Doping Concentration Profiles of Textured Diodes 
5.5.1 ECV Results 
Three textured samples (BAS10-16, BAS10-12 and BAS2-15B) and one planar 
sample (BAS4-15D) were used in this study. All the sample structures are 
summarised in Table 5-4. Figure 5.20(a)-(d) shows the doping concentration profiles 
of the poly-Si thin-film diodes grown on planar and textured glass substrates obtained 
using the ECV method after the hydrogenation process. Figure 5.20(a) shows a 
planar sample and Figure 5.20(b)-(d) shows three textured samples with different 
doping concentration profiles. The width of the n-type regions of the diodes are 
characterised by the emitter width, to give a figure of merit for comparison. The 
emitter width is defined as the width over which the concentration drops to 10 % of 
the peak value. The vertical dashed lines indicating the emitter width of all the 
samples are shown in the same figure. The air-side interface of the poly-Si film is 
defined as the reference point (i.e., as depth = 0 µm). 
 
The idealised planar and textured sample structures are illustrated in Figure 
5.21. The presence of the n- absorber layer is due to the smearing of the n+ emitter 
layer during the high-temperature anneal (discussed in Chapter 6). 
 
For the planar sample BAS4-15D, the doping concentration profiles show a 
clear distinction of p+ BSF, p- absorber, n- absorber and n+ emitter layers. As for the 
textured samples, for BAS10-16, it appears that the p+ layer forming the BSF is 
terminated earlier before switching to n-type doping concentration. However, for 
textured samples BAS10-12 and BAS2-15B, the doping concentration profiles show 





Figure 5.20. Comparison of doping concentration profiles between a planar (a) and three textured 
diodes (b, c and d). Also shown is the emitter width of the n-type regions. The air-side and the glass-
side interfaces are also indicated.  
 
The emitter width of the planar sample BAS4-15D was found to have a 
relatively small value of about 0.12 m. As for the textured samples, the BAS10-16 
and BAS10-12 were found to have emitter width values of about 0.42 and 0.25 m 
respectively while BAS2-15B has an emitter width value of about 0.18 m. The 
emitter width of BAS2-15B is the smallest among the investigated textured samples 
and it is about 1.5 times larger than that of the planar sample BAS4-15D. Table 5-4 
summarises the emitter width results of all the samples investigated here. 
 













































































































































Figure 5.21. Idealised and actual cross-sectional schematics of the (a) planar sample structure and (b) 
textured sample structure. The grain boundaries are not included in the schematic for clarity purposes.  
  
It was also found that there is a step increase in the n- absorber region. The 
sudden increase in this doping concentration is defined as a step factor. The step 
factor is approximated to the nearest integer. Figure 5.22 shows a magnified view of 
the regions where the n-type doping concentration changes abruptly. The step 
factors are also indicated in the same figure. 
 
For the planar sample BAS4-15D, the step factor was found to be about 0.77. 
As for the textured samples, BAS10-16 and BAS10-12 were found to have step 
factors of about 2.7 and 4.9 respectively, while for BAS2-15B it is about 1.3. The step 
factor of BAS2-15B was found to be the smallest among the investigated textured 
samples and it is about 1.5 times larger than that of the planar sample BAS4-15D. 













































Figure 5.22. Step factors for (a) one planar and (b)-(d) three textured poly-Si thin-film diodes on glass.  
 







As-deposited a-Si:H diode 
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The extent of the influence of the porous silicon formation on the doping 
concentration profiles of poly-Si thin-film diodes is more difficult to analyse than in the 
case of uniformly doped single layers (see Section 5.3). This is because etching of 
diodes involved etching through regions with different doping concentrations. The 
etching processes involved are etching from the highly doped p+ BSF layer to the 
lowly doped p- absorber layer, etching through the p-n junction and etching from the 
lowly doped n- absorber layer to the highly doped n+ emitter.  
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There are three measurement artefacts so far observed in the textured 
samples. They are a step-like increase in the n-type doping concentration in the n-
type doped region, a broader n-type region, and a sudden switch from a p-type 
doping concentration to an n-type doping concentration at the BSF region. One 
possible explanation could be the presence of porous silicon after the hydrogenation. 
During the etching process, the formation of porous silicon provided the access to the 
layers beneath the currently measured layer. As a result, the C-V measurement is a 
mixture of the current layer and the layers accessed through the porous silicon. 
Hence during the measurement, the capacitance measured could be the effective 
capacitance of: 1) the combination of different doping concentration types (p-type 
and n-type) or 2) the combination of both lowly doped region and the highly doped 
region of the same doping concentration type (e.g. n- absorber and n+ emitter). 
Figure 5.23 illustrates the effect of porous silicon on C-V measurements as a 
possible explanation for the measurement artefacts observed.  
 
 
Figure 5.23. Schematic illustration of the effect of porous silicon formation on C-V measurements. Blue 
line indicates p-type semiconductor material and red line indicates n-type semiconductor material. 
Porous silicon formation provides access to the layers beneath the currently measured layer resulting in 
C-V measurements of (a) the combination of different polarity doping concentration type and (b) the 
combination of both lower-doped region and the higher-doped region.  
 
The increase in the active area as a function of depth as discussed in Section 
5.3.3 could also be one of the factors that influenced the accuracy of the doping 
concentration. If the active area increase results in the linear increase in the doping 
concentration as shown in Figure 5.20, then the accuracy of the doping concentration 




















However, the above hypothesis based on porous silicon and increase in the 
active area could not explain the behaviour of diode BAS2-15B which is also a 
textured sample but behaved in a similar manner to the planar sample with a 
relatively smaller emitter width of about 0.18 m and a relatively smaller step factor of 
1.3 as compared to other textured samples. In addition, we do not observe widening 
of n+ emitter region and sudden switching to n-type doping at BSF region in the 
planar samples. Further experiments using a combined advanced scanning electron 
microscope (SEM) and electron-beam induced current (EBIC) revealed a non-
uniform p-n junction location in textured samples. The results will be discussed in 




In this Chapter, the doping concentration profiles of three types of poly-Si thin-
film samples on glass were investigated using electrochemical capacitance-voltage 
(ECV) and Hall effect measurements. We fabricated planar n+ poly-Si films, planar p+ 
poly-Si films and textured n+ poly-Si films. These films were investigated after the 
SPC, the RTA, and the HYD processes. We found that the ECV/Hall average doping 
concentration ratio for most of the investigated films lies in the range of 1.6 to 2.2, 
with two exceptions: the planar p+ poly-Si film after SPC and the textured n+ poly-Si 
film after HYD, where it was found to be 3.1 and 3.3, respectively. The high ratio of 
the textured n+ poly-Si after HYD is very likely due to a measurement artefact of the 
ECV method. The ratio for all other films could be attributed to the assumed Hall 
scattering factor. 
 
Simulation results showed that VOC and JSC of planar poly-Si thin-film solar cell 
are not sensitive to an increase in the doping concentration of the highly doped 
regions by up to a factor of 4, assuming the same material quality. Hence the 
discrepancy between the doping concentration measurement results obtained from 
the ECV and the Hall methods has no practical significance for the investigated 
devices. The ability to measure the doping concentration as a function of depth gives 
the ECV method an advantage over the Hall method. 
 
We also found that a porous silicon layer was formed during ECV 
measurements on the hydrogenated samples. For the textured film, the porous 
silicon formation may have caused the exponential increase in the doping 
99 
 
concentration seen in Figure 5.8 as a function of depth. This is a measurement 
artefact that did not occur for the planar films. 
 
The majority carrier mobilities of the n+ and p+ films were found to improve due 
to the RTA process. This was most likely due to the improvement of the material 
quality via the annealing of defects. The hydrogenation process was found to reduce 
the mobility of the n+ films, but to further improve the mobility of the p+ films. This 
behaviour can be explained by the differences in grain size between the two films. 
Films with larger grain size seem to be influenced more strongly by the intra-grain 
resistivity than by the grain boundary resistivity. This suggests that the RTA process 
is a critical step in improving the mobility of SPC-based poly-Si films with a grain size 
in the range of 1-10 m. Moreover, the subsequent hydrogenation process degrades 
the mobility of large-grained SPC-based poly-Si films. 
 
We found that the ECV measurement on textured poly-Si thin-film diodes on 
glass give three possible measurement artefacts. The ECV measurement on textured 
samples require a future systematic investigation by varying the two different doping 
concentration layers (e.g. n- and n+) on various texture feature sizes. A more likely 
reason for the observed measurement artefacts based on the varying p-n junction will 
be discussed in more detail in Chapter 7.  
 
From the results of this Chapter it appears that the ECV method is a suitable 
and inexpensive method to measure the doping concentration of highly doped planar 
poly-Si films. Both the simple contacting scheme and the doping concentration 
measurement as a function of depth are beneficial in the optimisation of the doping 
concentration profiles of planar poly-Si films on glass. Solving the measurement 
artefact issue would extend the application of the ECV doping measurement 
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CHAPTER 6 -  IMPACT OF THE RAPID THERMAL 
ANNEALING TEMPERATURE ON 
POLYCRYSTALLINE SILICON THIN-FILM 
SOLAR CELLS ON GLASS 
6.1 Introduction 
 
In this chapter, using planar polycrystalline silicon (poly-Si) thin-film solar cells 
on glass, we investigated the impact of the rapid thermal annealing (RTA) peak 
temperature (TRTA) on the doping profile, the 1-Sun open-circuit voltage (VOC) and the 
pseudo fill factor (pFF) after the RTA process and after the hydrogenation (HYD) 
process. We also investigated the I-V characteristics and the sheet resistance (RSheet) 
of the planar samples. Furthermore, for several textured poly-Si thin-film solar cells 
on glass, the impact of TRTA on the 1-Sun VOC, the pFF and the RSheet was studied. 
The doping concentrations across the cells were measured using the electrochemical 
capacitance voltage (ECV) method. The 1-Sun VOC and the RSheet were measured 
using a Suns-VOC tester and a four-point probe (4PP) system. In addition, the doping 
concentration profiles obtained by the ECV method were used to calculate the RSheet 
values, which were then compared with the experimental RSheet values. The RSheet 
values were calculated using the poly-Si model proposed by Lu et alia [1].  
 
This chapter is structured in the following way: First the experimental details 
are presented, including details of the RTA system and the used characterisation 
methods. Then the results for the planar samples are presented, followed by the 
results for the textured samples. Finally, a conclusion summarises the impact of the 
RTA temperatures on poly-Si thin-film solar cells on glass.  
 
6.2 Experimental Details 
 
The samples were fabricated using the process described in Chapter 2. Both 
planar and textured glass sheets were used in this experiment. Figure 6.1(a) and 
Figure 6.1(b) show cross-sectional schematics of an ideal planar and textured 
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sample structure, respectively. The solar cell is designed to be used in the super-
strate configuration, whereby the light passes through the glass pane before entering 
the solar cell. The interface that faces the ambient air is labelled as the air-side 




Figure 6.1. Cross-sectional schematic of the idealised structure of (a) planar and (b) textured samples. 
 
After the SPC process, the sample was cut into 4 pieces of size 10×10 cm2. 
Each of these samples was then annealed at different TRTA for 1 minute, to activate 
the dopants and anneal point defects. The samples’ VOC variation (after 
hydrogenation) for our standard process (TRTA of 1050 C for 1 min) on planar 
substrates of area 20×20 cm2 was typically about 6 mV. 
 
6.2.1 RTA system 
We used a commercial infrared lamp based RTA system from CVD Equipment 
Corporation, USA. The RTA process is performed in a nitrogen-purged atmospheric 
pressure environment. The system comprises two sets of infrared lamps located 
above and below the quartz chamber. The heating area is divided into 10 different 
heating zones. Each zone consists of either a set of edge-heating or centre-heating 
lamps. There are in total 14 edge-heating and 28 centre-heating lamps to ensure 
good lateral heating uniformity, as shown in Figure 6.2. The sample was placed on 
top of two 40×50 cm2 sheets of carbon fibre-reinforced carbon (CFRC). An additional 
sheet of CFRC is placed about 2 cm above the sample to ensure good vertical 
heating uniformity. The infrared energy from the lamps is mainly absorbed by the 
CFRC sheets and the samples. 
 






















Figure 6.2. The 14 edge-heating and 28 centre-heating lamps are arranged to ensure a good lateral 
heating uniformity. 
 
Ten thermocouples are embedded in the bottom CFRC sheet. They are 
distributed across the substrate holder to record the substrate temperature in each 
zone (total of 10 zones), as shown in Figure 6.3.  
 
 
Figure 6.3. The location of the ten thermocouples to record the substrate temperature of the ten zones.  
 
Figure 6.4 shows the set temperature vs. time of the RTA process used in this 
work. The time taken from 700 C to TRTA is set to 1 minute for the four different TRTA. 
Also note that the total time for each sample to spend above 700 C was at least 3 
minutes, as all samples were cooled by purging nitrogen at a maximum flow rate of 
30 slm (standard litres per minute). 
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Figure 6.4. Set temperature vs time profile of the RTA process used in this work. Also shown is the RTA 
peak temperature (TRTA). The time at TRTA was fixed at 1 minute. 
  
During the annealing of the sample, poly-Si dummy samples (similar thickness) 
were used to fill up the empty spaces as shown in Figure 6.5. The temperature data 
acquisition has a time resolution of 10 seconds. In each zone, when the temperature 
reached TRTA, seven temperature data points were recorded within a minute. The 
samples were approximately located in zones 3, 5 and 7.  
 
Figure 6.6 shows the temperature variations in each set of experiment. The 
average temperature and standard deviations of these seven data points for zones 3, 
5, 7 and all 10 zones were plotted. The larger standard deviation of the substrate 
temperature at TRTA of 1050 C is due to the longer settling down time at this 
temperature. Nevertheless, there is still significant temperature increase from TRTA of 
1000 C. After the RTA process, the samples were hydrogenated. The details of the 
hydrogenation process are described in Chapter 4. In the experiments described 





























Figure 6.5. Photograph of the sample holder of the RTA system. The samples are located in the middle 
(zone 3, 5 and 7) of the sample holder. The dummy samples were used to ensure good heating 
uniformity. The CFRC and thermocouples are also shown.  
 
 













































































6.2.2 Characterisation Methods 
The samples’ VOC values were measured with the Suns-VOC method. The 
details of the Suns-VOC method and the used measurement system can be found in 
Chapter 3. After the RTA step, one of the corners of each sample is chemically 
etched to expose the buried n+ layer. Five points were measured on each sample 
before and after the hydrogenation. The average 1-Sun VOC and its standard 
deviation (as error bars) were then plotted as a function of the TRTA.  
 
The samples’ RSheet values after the hydrogenation were characterised with the 
4PP method. Details on 4PP method can be found in Chapter 2. Sixteen points were 
measured on each planar sample and nine points on each textured sample. The 
average RSheet values and their standard deviations (as error bars) were plotted as a 
function of TRTA. Note that, for our samples, the 4PP method only measured the 
combined RSheet of the p
+ back surface field (BSF) layer and the p- absorber layer. 
The p-n junction acts as an insulating layer to prevent current flowing into the n+ 
emitter layer. 
 
The samples’ doping concentrations after the hydrogenation were 
characterised with the ECV method. The etched areas for the analysis were 0.100 
cm2 for the planar samples and 0.120 cm2 for the textured samples. The details of 
the novel doping profiling method on poly-Si thin-film diodes with the ECV method 
are discussed in Chapter 5. 
 
6.3 Results on Planar Samples 
6.3.1 VOC, pFF and RSheet results  
Figure 6.7 shows the 1-Sun VOC results of planar samples as a function of TRTA, 
before and after the hydrogenation. As can be seen, the VOC after the hydrogenation 
has a peak at about 1000 C. The VOC after hydrogenation first increased from 434 to 
471 mV with increasing TRTA before decreasing to 461 mV at high temperature (TRTA 
of 1050 C). A similar trend was also observed for the VOC before the hydrogenation, 
with a maximum VOC of 224 mV at about 1000 °C. The low VOC before the 
hydrogenation is due to the presence of un-passivated defects (such as dangling 
bonds) at the grain boundaries and within the grains. These defects act as 





Figure 6.7. One-Sun VOC of the planar samples versus the RTA peak temperature, before and after the 
hydrogenation process. 
 
Figure 6.8 shows the 1-Sun pFF results before and after the hydrogenation 
process as a function of TRTA. As can be seen, the pFF after the hydrogenation has a 
broad peak at about 950 to 1000 C. The pFF after the hydrogenation first increased 
from 74.9 to 76.4 % with increasing TRTA before the pFF decreased to 75.4 % at a 
high temperature (TRTA of 1050 C). Similar results were also observed for the pFF 
before the hydrogenation. 
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Figure 6.9 shows the RSheet results as a function of TRTA. As can be seen, the 
RSheet has a minimum at about 1000 C. RSheet decreased from 6800 to 4400 /sq 
with increasing TRTA and the RSheet then increased to 5500 /sq at high temperature 
(TRTA of 1050 C). The RSheet standard deviations (shown as error bars) were also the 
least at TRTA of 1000 C. The large standard deviations at low temperature could be 
explained by the variations in poly-Si resistivity at moderate doping concentration 
(1016-1018 cm-3) [2]. The resistivity can increase by 3 to 4 orders of magnitude when 
the doping concentration decreases by one order of magnitude.  
 
Also shown in Figure 6.9, for comparison, is the VOC after the hydrogenation as 
a function of TRTA. As can be seen there is correlation between the VOC and the RSheet, 
with maximum VOC occurring when the RSheet is at the minimum value. The thickness 
of the p-type layers (both p- and p+ regions) and the doping concentration in the BSF 
and absorber layers affect the overall samples’ VOC and RSheet. To understand this 
behaviour better, we further investigated the doping profiles of the samples using the 
ECV method. The results are presented in Section 6.3.3 below. 
  
The planar samples were then metallised and their I-V curves measured by 
using an I-V tester. The results are presented and discussed in Section 0. 
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6.3.2 I-V results 
During the period of writing this thesis, the metallisation process was still under 
development. We are using a metallisation process similar to that described in Ref. 
[3]. After the hydrogenation treatment, each of the 10 cm × 10 cm diodes was 
metallised to form 8 sub-cells. Each sub-cell has an area of about 2 cm × 1 cm. Note 
that there is no wire-bonding step involved and hence the individual cells are not 
interconnected. Figure 6.10(a) and Figure 6.10(b) show a photograph and a 
schematic of the metallised poly-Si thin-film solar cells, respectively. All planar 
samples in this experiment were metallised with the same process. The sample that 
was treated with TRTA of 1050 C had a high series resistance after metallisation, 
resulting in the collapse of the fill factor (< 30 %). Hence this sample was excluded 
from the analysis and discussion. 
 
 
Figure 6.10. (a) Photograph of the metallised planar sample. (b) Schematic representation of eight 
metallised planar poly-Si thin-film solar cells on glass.  
 
Figure 6.11 shows the I-V measurement results for the samples that were 
treated with TRTA of 900, 950 and 1000 C. Note that not all the 8 sub-cells are 
included, as some of them suffered from high series resistance resulting in the low 
FF. Only cells with an FF of above 60 % are included, giving a sample size of at least 
4 out of the 8 sub-cells for each sample. The average device VOC, JSC, FF and 
efficiency values are plotted, with their standard deviations shown as error bars. Both 
the VOC and JSC were found to increase linearly as the TRTA increases from 900 to 
1000 C. The FF was found to have a broad minimum at TRTA of 950 C but the 
standard deviations for the FF are relatively large as well, indicating that the FF 
difference may not be significant. Overall, the average efficiency was found to 
improve by about 0.32 % (absolute) when the TRTA increased from 900 to 1000 C, 












Figure 6.11. Plot of VOC, JSC, FF and efficiency against the peak RTA temperature.  
 
6.3.3 ECV doping profiles  
Figure 6.12 shows the doping profiles of the samples after the hydrogenation 
as a function of TRTA, being measured with the ECV method. The glass-side surface 
of the poly-Si film is defined as the reference point (i.e., as depth = 0 µm). The n+ 
emitter peak doping concentration remains roughly the same for the investigated TRTA 
range. The average doping concentrations in the p- absorber layers were found to 
increase by about a factor of 2 when the TRTA increased from 900 to 1000 C before it 
decreased by about the same factor when TRTA increased from 1000 to 1050 C. The 
peak doping concentration in the p+ BSF layer was found to increase by about a 
factor of 5 as the TRTA increased from 900 to 1000 C, before it decreased by about 
the same factor when TRTA increased from 1000 to 1050 C. As can be seen from the 
n-type doping data points, the junction depth was found to shift from about 0.35 to 
0.90 µm away from the glass-side surface with increasing TRTA from 900 to1050 C. 
 
The effective diffusion coefficient of phosphorus is higher than that of boron in 


































































































smear more than the boron doped p+ layer, resulting in a shift of the p-n junction 
away from the glass-side interface. 
 
The ECV doping profile results correspond well with the sheet resistance 
results. We found that as the doping concentrations in the BSF and absorber layers 
increase with TRTA from 900 to 1000 C, the sheet resistances decreased. As the TRTA 
increased from 1000 to 1050 C, the doping concentration in these layers decreased 





Figure 6.12. ECV doping profiles of planar samples processed at four different TRTA. The filled blue 
squares and empty red squares indicate the n-type doping layer and p-type doping layer, respectively. 
 
6.3.4 Modelling of sheet resistance 
We calculated the sheet resistance of the p-type layers (BSF and absorber) 
from the doping results obtained by the ECV method. The sheet resistances of the p-
type layers were calculated using the resistivity,  (cm) of the p-type layers of the 
poly-Si film. The resistivity of a poly-Si film can be described by Equation (6.1), which 
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is based on the poly-Si model proposed by Lu et alia [1]. The details of the model, 
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where B is the grain boundary resistivity (cm), C the intra-grain resistivity (cm), 
W the depletion region width (µm) at the grain boundary and L the grain size (µm). 
 





























where q is the charge of an electron (C), p(0) the hole concentration in the quasi-
neutral region (cm-3), mh
* the effective hole mass, k the Boltzmann constant (J K-1), T 
the temperature (K), VB the potential barrier height (V),  the permittivity of silicon (F 
cm-1), and f a dimensionless fit parameter that is introduced to obtain better agree-
ment between the calculated and measured poly-Si film resistivity.  
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where QT is the trap density at the grain boundary (cm
-2), N the doping concentration 
(cm-3), EF the Fermi energy level (eV) and eT the trap energy level with respect to the 
intrinsic Fermi energy level (eV) at the grain boundary.  
 
 The intra-grain resistivity is assumed to be the resistivity of crystalline silicon 















where t is the thickness of the p-type region (µm) and  the conductivity (-1 cm-1) 
obtained from taking the inverse of Equation (6.1). Note that the thickness of the p-
type region (which includes both the p- and p+ regions) varies from sample to sample, 
depending on the applied RTA process. 
 
The above model depends on the grain size, the trap density, the trap energy 
level, the fit parameter f, and the doping concentration of the poly-Si film. A typical 
average grain size of poly-Si fabricated with the SPC method is about 1 µm. We 
assumed a trap density value QT of 1×10
12 cm-2 and single trap energy level eT 
of -0.1 eV for all doping concentrations and annealing temperatures. The fit 
parameter f used was 0.1. Figure 6.13 shows the comparison between the measured 
and the correspondingly calculated sheet resistances as a function of TRTA.  
 
 
Figure 6.13. Comparison between the measured and the calculated sheet resistances of the planar 
samples as a function of TRTA. 
 
As can be seen, the trends for both measured and calculated sheet resistances 
are similar, with the minimum occurring at about 1000 C. The discrepancies in the 
exact values could be due to several factors. First, the accuracy of the doping profiles 
obtained from the ECV method depends on the accurate determination of the area of 
the etched region. We assumed that the area of the etched region is the same as the 



































area defined by the circular seal of the electrochemical cell (~0.100 cm2). In the study 
of doping profiles by ECV done by Bock et al. [6] it was shown that the deviations of 
the actual doping profile from the calculated profile can be up to 10 % in the 
crystalline silicon wafer. Second, even if the etched area can be determined 
accurately, the measured sheet resistances of the poly-Si film cannot be modelled 
precisely due to the limitations of the model, which assumes a uniform grain size, 
uniform doping concentration, constant trap density and constant trap energy level. 
Because of the distribution of grain sizes, there are non-uniformities in the current 
flows. In addition, the higher mobility of crystalline silicon used in Arora’s model 
would result in lower sheet resistance. In actual samples, the presence of intragrain 
defects could contribute to lower mobility through carrier trapping and scattering, 
hence giving higher RSheet. Hence, the model is merely a semi-quantitative method to 
explain the conductance of poly-Si films [2].  
 
6.3.5 Discussion 
The VOC of poly-Si thin-film solar cells is influenced by various parameters, 
including the doping profiles of the emitter and the absorber layer, the defect density 
across the cell thickness, the location of the p-n junction, and the width of the junction 
space charge region. The junction location is influenced by the activation and 
diffusion of dopants during the RTA process. In our case, the junction location shifted 
away from the glass-side with increasing RTA temperature. The space charge region 
is affected by the doping concentration profiles in both the p-type and n-type layers. 
In our case, the doping profiles in both layers are non-uniform and the concentration 
levels change with RTA temperature. 
 
In a simple 1-diode model of a p-n junction solar cell, neglecting recombination 
















where JL and J0,abs are the light-generated current density and the dark saturation 
current density (A cm-2), respectively. The absorber component J0,abs of the diode’s 















where Nabs is the active doping concentration of the absorber layer (cm
-3), Dabs and 
Labs are the absorber minority carrier diffusion coefficient (cm
2 s-1) and minority carrier 
diffusion length (cm). 
 
The junction locations for TRTA of 900 and 950 C are about the same, while the 
absorber doping concentration of TRTA at 950 C (average about 3.1×10
16 cm-3) is 
almost twice that of TRTA at 900 C (average about 1.9×10
16 cm-3). From Equations 
(6.6) and (6.7), the increase in VOC could be due to the increase in the absorber 
layer’s doping concentration.  
 
As TRTA increased from 950 to 1000 C, the VOC increased from about 447 to 
about 471 mV although the junction had shifted from 0.35 µm to about 0.7 µm from 
the glass-side interface. At TRTA of 1000 C, the absorber doping concentration 
further increased to 4.0×1016 cm-3. We speculate that defect removal as well as the 
increased absorber doping concentration contributed to the significant increase in 
VOC. It is also likely that the increase in the BSF doping concentration with TRTA also 
helped to increase the VOC through the passivation effect of the BSF layer.  
 
As the RTA temperature was increased further to 1050 C, the device could 
benefit from defect annealing at this high temperature. However, the deeper junction 
(now at about 0.9 µm from the glass-side interface) and the lower absorber doping 
concentration (average about 1.8×1016 cm-3) could be the factors that explain the 
observable decrease in the VOC (but it is still higher than for the 900 C TRTA process). 
At this high temperature, it is also possible that the SiNx diffusion barrier layer failed 
to prevent the impurities in the glass from diffusing into the poly-Si film. As a result, 
an increased impurity density in the poly-Si film could lower the VOC via a reduced 
effective carrier lifetime. 
 
The current density, JSC, increases as the TRTA increases from 900 to 1000 C. 
One possible factor for the increase JSC could be due to the improvement in the 
minority carrier lifetime in the absorber region as a result of defect annealing at a 
higher temperature. The improved carrier lifetime increases the diffusion length and 
hence more carriers are collected by the p-n junction. The increase in both the JSC 
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and VOC results in the overall increase of the device efficiency. The best cell 
conversion efficiency of 4.4 % was obtained on a sub-cell annealed at TRTA of 1000 
C. 
 
Finally, we have also shown that there is a good correlation between VOC and 
RSheet, with the highest VOC corresponding well with the lowest RSheet. The RSheet 
minimum at TRTA of 1000 C is most likely contributed by the high absorber and BSF 
doping concentrations. In a fabrication process, the RSheet values can be used to 
determine the optimised annealing temperature by targeting the lowest RSheet as a 
function of the temperature. For example, in the case of excessive annealing, 
dopants in the n+ emitter layer would start to smear thereby eliminating parts of the p-
type absorber layer and thus causing a higher RSheet.  
 
The highest average VOC obtained in this study was 471 mV, which is lower 
than the value of 492 mV achieved by CSG Solar [8]. However, higher VOC is 
possible with the SPC approach. For example, Rau et al. [9] reported one SPC 
sample with a VOC of 556 mV using a TRTA of 1050 C, although the reasons for the 
high VOC are still under investigation. Given the potential of the ECV method for 
optimising the RTA process of SPC samples, we are optimistic to be able to improve 
the VOC of our samples to above 500 mV. Furthermore, the textured substrates could 
lead to extra voltage gains, partly due to the higher short-circuit current density of the 
cells (due to improved light trapping), and partly due to improved crystal quality 
(Matsuyama et al. [10] demonstrated that poly-Si thin-films on the textured substrates 
have a larger average grain size and better carrier mobility compared to films on the 
flat substrates). In addition, as suggested by Keevers et al. [8], the textured 
substrates may lead to a more effective hydrogenation of the p-n junction region, as 
a result of a shorter average distance between the p-n junction and the sample’s rear 
surface. 
 
6.4 Results on Textured Samples 
6.4.1 VOC, pFF and RSheet results 
Figure 6.14 shows the 1-Sun VOC results before and after the hydrogenation as 
a function of TRTA for the textured samples. As can be seen, the average VOC of all 
the samples is much lower compared to the planar samples for the same investi-
gated range of TRTA. In addition, the standard deviations of the textured samples’ VOC 
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(> 20 mV) are also much larger compared to the planar samples for TRTA above 950 
C (< 6 mV). The average VOC before the hydrogenation shows a linear increase with 
increasing TRTA, while after the hydrogenation the VOC has maximum value of about 
394 mV at TRTA of 1050 C. 
 
 
Figure 6.14. One-Sun VOC of the textured samples versus RTA peak temperature, before and after the 
hydrogenation process. 
 
Figure 6.15 shows the 1-Sun pFF results before and after the hydrogenation as 
a function of TRTA. As can be seen, the average pFF is lower compared to the planar 
samples for the investigated range of TRTA. In addition, the standard deviations of the 
textured samples’ pFF are also much larger compared to the planar samples. The 
average pFF before hydrogenation shows a linear increase with TRTA and after the 
hydrogenation pFF has a maximum value of 65 % at TRTA of 900 C.  
 
Figure 6.15 shows the RSheet of the textured samples as a function of TRTA. As 
can be seen, the RSheet has a minimum at about 1000 C. The RSheet decreased from 
7000 to 4700 /sq with increasing TRTA and the RSheet then increased to 6200 /sq at 
high temperature (TRTA of 1050 C). The RSheet trend of the textured samples is similar 
to the planar samples.  
 



































Figure 6.16. Sheet resistance of the textured samples versus RTA peak temperature. 
 
The overall lower VOC and pFF of the textured samples as compared to the 
planar samples was a somewhat surprising result, as the textured samples were 
expected to perform better than planar samples (see the discussion in Section 6.3.5). 
The pFF results indicate that these textured samples have a poor diode quality. As 
discussed in Chapter 3, the pFF can be used to measure the quality of the diode by 
comparing the pFF to a diode with ideality factors of n = 1 and 2. Figure 6.17 shows 
the plot of pFF against the open-circuit voltage. The solid and dashed lines represent 

















































the fill factor with ideality factors n = 1 and 2, respectively, in the absence of series 
and shunt resistance effects. 
 
 
Figure 6.17. Plot of pseudo fill factor vs. the open-circuit voltage after hydrogenation (symbols). The fill 
factor trend for ideality factors n = 1 and n = 2 are also shown (solid and dashed lines respectively). 
 
The planar diodes after the hydrogenation have a pFF is close to that obtained 
by an n = 1 diode, while the textured diodes after the hydrogenation have a pFF that 
is similar to an n = 2 diode. The much lower pFF of the textured samples as 
compared to the planar samples indicates that there are major processing related 
issues due to the textured glass substrates used in these experiments. 
  
6.4.2 SEM results 
To better understand the issues of the textured samples, we performed cross-
sectional imaging using scanning electron microscopy (SEM). The cross section of 
the samples was prepared using the focused-ion beam (FIB) method, by first 
performing a coarse cut using a high beam current and then performing a ‘gentle’ cut 
using a lower beam current. The details of the used SEM and FIB system will be 
discussed in Chapter 7. 
 
Figure 6.18 shows the cross-sectional images of the textured samples that 
were rapid thermal annealed at different TRTA. Three distinctly different defective 
features (labelled A, B and C) can be seen in the poly-Si films. The surface 



































Figure 6.18. Cross-sectional SEM images of textured samples subjected to TRTA of a) 900 ºC, b) 950 
ºC, c) 1000 ºC and d) 1050 ºC. The defective features A, B and C are marked in the images. 
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The features of the three types of structural defects (A, B, C) can be cate-
gorised based on their shapes, orientations and sizes, as shown in Figure 6.19. 




Figure 6.19. Three types of defects (A, B, C) commonly found in textured SPC poly-Si samples.  
 
6.4.3 Discussion 
Werner et al. investigated the impact of the morphology of the texture profiles 
on CSG Solar type samples deposited with the electron beam (e-beam) deposition 
method [11]. Problems with the textured substrates are expected for the e-beam 
deposition method, due to the shadowing effect [12]. However, our samples were 
grown with the PECVD method and are thus expected to be more conformal than e-
beam deposited samples.  
 
The origin of the defective features in our textured samples is still unknown at 
this point in time. If these defective features were formed during the a-Si:H deposition 
process, they would adversely affect the subsequent fabrication processes. For 
example, during the SPC process, the quality of the grains may also be affected by 
the presence of these defects as a result of the non-uniform crystallisation process. 
These defective features could also potentially disrupt the crystal growth kinetics, 
resulting in poorer crystal quality. During the high-temperature anneal, feature C 
could be a diffusion path for impurities from the glass or the ambient to diffuse into 
the films. Features B and C are also likely to block the current paths and thus reduce 
the carrier collection efficiency of these solar cells. Hence these defective features 
could be a major reason for the low VOC and pFF of the textured samples.  
 
Figure 6.20 shows the textured sample (BAS2-15B) with the highest VOC 
(average VOC 484 mV). In this sample we did not observe the defective feature of 











Figure 6.20. Cross-sectional SEM image of the textured sample giving the highest VOC (BAS2-15B). The 
film was found to be continuous, with no observable defective features.  
 
In Chapter 7, we use a combined SEM and electron beam-induced current 




In this thesis chapter, the impact of the RTA peak temperature on poly-Si thin-
film solar cell diodes on the planar and textured samples was investigated. For the 
planar samples, it was found that the VOC has its maximum and RSheet of the p-type 
regions its minimum, at about 1000 C RTA temperature. We also found that the 
doping concentrations in all the layers (n+ emitter, p- absorber and p+ BSF) increased 
with RTA temperature until reaching maximum values for about 1000 ºC RTA 
temperature, and then falling off again. With increasing RTA temperature, the 
junction depth was found to shift from about 0.35 m to about 0.90 µm from the 
glass-side interface. An increasing absorber doping concentration with TRTA also 
contributed to the VOC increase. However, at high temperature (TRTA of 1050 C) the 
VOC decreased, which was most likely due to the deep junction (~0.90 µm away from 
the glass-side interface) and a decrease of the doping concentration in the absorber 
layer. These experimental results clearly demonstrate that the RTA peak temperature 
is a critical process parameter of poly-Si thin-film solar cells and that it needs to be 
experimentally optimised for a given poly-Si on glass thin-film solar cell structure. In 
addition, the planar diodes after the hydrogenation have pFF values that are close to 
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the fill factors theoretically expected for a diode with an ideality factor n = 1, 
indicating a good quality diode. 
 
For the textured samples, it was found that the average VOC before the hydro-
genation shows a linear increase with TRTA, whereas after hydrogenation it has a 
maximum VOC of about 394 mV at TRTA of 1050 C. The RSheet trend of the textured 
samples is similar to that of the planar samples, with a minimum RSheet for a TRTA of 
about 1000 C. From the pFF analysis it followed that the textured samples have a 
poorer diode quality as compared to the planar samples. Cross-sectional SEM 
imaging revealed the presence of defective features. We speculate that these defects 
are a major reason for the low VOC of the textured samples. The origin of these 
defective features is a subject for future investigation. 
 
We also showed that the ECV method can be applied to obtain the active 
doping concentration profiles of planar poly-Si thin-film silicon solar cells, without the 
need to metallise the samples. We calculated the RSheet of the p-type regions from the 
measured ECV doping profiles and the resulting trend was found to be similar to that 
of RSheet values measured with the 4PP method. A polycrystalline silicon model from 
the literature was used to calculate the sheet resistances. The model was able to 
reproduce the experimentally observed trends, whereby the discrepancies are 
believed to be due to the measurement errors involved in ECV doping profile 
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CHAPTER 7 -  CROSS-SECTIONAL SEM AND EBIC 




Advanced characterisation methods such as cross-sectional scanning electron 
microscopy (SEM) and electron beam-induced current (EBIC) measurements of poly-
Si thin-film diodes can be used to investigate the impact of the fabrication process on 
the p-n junction properties. For poly-Si thin-film solar cells on glass superstrates, the 
p-n junction should ideally be located as close as possible to the glass interface. 
Some of the fabrication process parameters that may influence the p-n junction 
location are the gas flow rate during the deposition process, the temperature of the 
crystallisation process, the rapid thermal annealing (RTA) peak temperature, and the 
hydrogenation temperature. The features of the glass texture may also influence the 
final p-n junction location. The texture features of the glass have already been shown 
to affect specific properties of SPC poly-Si films and diodes, such as grain size [1], 
open-circuit voltage (VOC) [2, 3] and carrier mobility [4]. Advanced characterisation 
methods such as cross-sectional scanning electron microscopy (SEM) and electron 
beam-induced current (EBIC) measurements can be used to investigate the impact 
of the fabrication process on the p-n junction properties. 
  
Inns et al. [5] used combined focused ion beam (FIB) and EBIC techniques to 
determine the location of the p-n junction of poly-Si thin-film diodes on glass (‘ALICIA’ 
cells, for ALuminium Induced Crystallisation, Ion Assisted deposition). Inns et al. 
showed that the regions along some of the grain boundaries appeared to have higher 
carrier collection efficiency. This is probably caused by emitter dopant smearing 
along the grain boundaries. The dopant smearing results in a local shift of the p-n 
junction closer to the air-side interface. As a result, the interpretation of plan-view 
EBIC images of poly-Si thin-film diodes can be complicated [5].  
 
Lausch et al. [6] found the structural inhomogeneity to be the cause of the 
missing p-n junction in CSG Solar samples grown by the electron-beam (e-beam) 
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method. In their work, the deposited amorphous Si diode was crystallised by the solid 
phase crystallisation (SPC) method, or an amorphous Si seed layer was laser 
crystallised and subsequently a diode was grown by solid phase epitaxy [7]. 
Processing also included an RTA process and an inline hydrogenation process [8]. 
The plan-view and cross-sectional EBIC imaging results show that the p-n junctions 
of both the SPC-based sample and the seed-layer-based sample are missing. 
Electron-dispersive X-ray (EDX) spectroscopy measurements at the transmission 
electron microscope (TEM) lamella showed that oxygen rich columnar growth of 
silicon at the textured substrates affects the p-n junction. The columnar and oxygen-
rich growth of the silicon is likely due to the directional e-beam deposition method, as 
explained by Werner et alia [9]. CSG Solar’s subsequent HF etch process led to the 
formation of voids, which then caused diode shunting during the metallisation step. 
On the seed layer based sample, the elements Na, Al and K were found in between 
the seed layer and the absorber layer, which indicates a glass particle. The glass 
particles were deposited during the wet-chemical seed layer cleaning process that 
preceded the absorber layer deposition process. During the annealing process, the 
diffusion of atoms (such as Na, K and Al) from the glass particles into the Si layer 
alters the structural and electrical characteristics of the Si layer. As a result the EBIC 
signal is decreased at the p-n junction [6]. 
 
This chapter starts with a brief discussion of the fundamentals of the EBIC 
characterisation method, followed by a description of the used EBIC system and the 
sample preparation method (which involves milling using the focused ion beam (FIB) 
technique). Then follows the presentation, and discussion, of the p-n junction location 
results obtained on planar samples by the electrochemical capacitance-voltage 
(ECV) method and the cross-sectional EBIC method. The steps taken to process the 
images, and to obtain the line profiles, are discussed. Then it is followed the 
investigation of the p-n junction location on the textured samples. Finally, the impact 
of the p-n junction on the VOC of the textured samples is discussed. 
 
7.2 EBIC Characterisation Method 
 
When a high-energy electron from the SEM electron gun enters a semicon-
ductor diode, it generates hundreds or even thousands of free electrons and holes 
within the diode via electron-hole pair generation. When these free minority charge 
carriers are collected by the p-n junction at short-circuit conditions, the resulting 
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current is termed as EBIC. Since the electron beam is scanned across an area of the 
sample, the EBIC image can then be obtained in a synchronised manner with the 
secondary electron (SE) image. By recording the secondary electron (SE) emission 
and the EBIC signal, both the topographical and the electrical activity of the 
investigated area of the device can be obtained simultaneously. 
 
Some of the typical applications of the EBIC characterisation method are 
measurements of minority carrier diffusion lengths, identification of recombination 
sites (such as dislocations, precipitates and grain boundaries), and the imaging of the 
p-n junction location [10]. In a typical EBIC image, bright regions indicate a high EBIC 
signal, i.e. the collection efficiency of minority carriers is higher as compared to dark 
regions. Since recombination sites reduce the collected current, the EBIC method 
can be used for mapping of defects in a solar cell. Moreover, an analysis of the 
induced current profile gives a measure of the diffusion length. Furthermore, Kveder 
et al. estimated the concentration of deep level impurities at dislocations using a 
model describing EBIC contrast at varying temperatures [11].  
  
The carrier drift in a diode is proportional to the electric field strength. It is 
typically the strongest where the material changes from n-type to p-type doping. It is 
also the location where the band diagram (in real space) has the strongest gradient. 
Hence, in the cross-section of a typical solar cell with a n+/p-/p+ structure, the peak 
EBIC signal matches with the peak electric field and the p-n junction location. As 
such, the location of the p-n junction of a solar cell can be determined. The precision 
is improved with good focussing and the use of a low acceleration voltage, but the 
resolution of the SE image may suffer as a result.  
 
7.2.1 Theory  
Electrons impinging on a solid are losing energy by elastic (negligible energy 
loss with change in direction) and inelastic (energy loss with negligible change in 
direction) scattering. Elastic scattering is primarily caused by the interactions of 
electrons with nuclei and is more probable in high atomic number materials and at 
low electron energies. In contrast, inelastic scattering is mainly caused by scattering 
from valence and core electrons. The effect of these scattering events is a 
broadening of the originally well-collimated and well-focused electron beam. As a 




The penetration depth is the average distance from the sample surface that an 
electron travels in the sample along a trajectory. Several empirical expressions have 












where  is the sample’s density (g/cm3) and E the electron energy (eV). For silicon, 
Equation (7.1) can be written as  
 
 
11 1.751.04 10eR E
  , (7.2) 
 
Similar to electron-hole pairs (ehps) generated in a solar cell by incoming 
photons, incoming electrons impinging on a semiconductor sample will also generate 















where Eehp is the average energy required to create one ehp (for Si this is about 3.64 
eV [10]), Ebs the mean energy of the backscattered electrons, and  the 
backscattering coefficient. For silicon, where the backscattering term Ebs/E is 
approximately equal to 0.1, Equation (7.3) becomes 
 
 0.247ehpN E  , (7.4) 
  
7.2.2 Testing of EBIC system using silicon wafer solar cells 
The used EBIC system (model DISS-5 from Point Electronic, Germany) is first 
tested using a standard n+/p-/p+ textured SiNx-coated screen-printed silicon wafer 
solar cell. The secondary electron (SE) image and the EBIC image are shown in 
Figure 7.1. Each pixel represents the electron beam-induced current signal. The 
current is also calibrated for different amplifier gain, brightness and contrast adjust-
ments and current offset adjustment. The EBIC signal is averaged over an area of 
pixels. Each pixel contains the EBIC value. The average EBIC values are taken at 
three different areas marked as A1, A2 and A3 (shown as green rectangles in Figure 
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7.1). The mathematical averaging is done automatically by the EBIC software (DISS 
5 from Point Electronic, Germany). The average EBIC signals are taken at three 
different areas marked as A1, A2 and A3 (shown as green rectangles in Figure 7.1). 
The EBIC signal at A1 can be approximated to zero, as the thick metal paste 
prevents the incoming electron beam from reaching the underlying silicon.  
  
 
Figure 7.1. SE and EBIC images of a silicon wafer solar cell. The average EBIC signals are taken at 
three different areas A1, A2 and A3. The areas are also indicated in the EBIC image.  
 
The incoming electron beam current, Ib, is measured using a Faraday cup (see 
Figure 7.5). Figure 7.2 shows a comparison between the theoretical and the 
measured EBIC signal. The theoretical values are obtained by multiplying Ib with the 
Nehp from Equation (7.4). Figure 7.3 shows the normalised EBIC to the beam current, 
also known as the EBIC gain. 
 
 
Figure 7.2. Comparison between theoretical and experimental EBIC as a function of beam voltage. For 




 diode.  
 


























Figure 7.3. Normalised EBIC to the beam current as a function of beam voltage.  
 
The observed discrepancy between the theoretical and experimental values 
could be due to several factors. The presence of the thin SiNx insulator layer ( 70 
nm) could increase the backscattering factor and reduce the penetration range, 
resulting in an overall reduction of the EBIC signal. The discrepancy is also larger at 
lower beam voltage as the Re in silicon is about 126 nm (at 3 kV beam voltage) which 
is only about twice the thickness of the SiNx layer. In addition, the sample surface 
consists of upright pyramids, which increases the scattering of the incoming electrons. 
The scattering of the electrons due to the textured surface was not taken into account 
in the theoretical calculations. Nevertheless, the normalised EBIC trend from the 
experiment is similar to that expected from theory.  
 
The beam current can also be increased, which is typically done by changing 
the aperture size. With increasing beam current, the EBIC signal also increases. 
Figure 7.4 shows the beam current and the EBIC as a function of aperture size. By 
increasing the aperture size from 20 to 30 µm and from 20 to 60 µm, the beam 
current increases by a factor of about 3 and 10 respectively. The EBIC also 



























Figure 7.4. Plot of beam current and EBIC as a function of aperture size. The aperture sizes are 20, 30 
and 60 m. The EBIC also increases by about the same factors as the beam current. 
 
7.2.3 EBIC Preparation Method for Poly-Si Thin-film Diodes on Glass 
The first step of the EBIC sample preparation is to expose the buried n+ emitter 
of the poly-Si thin-film diode on glass sample. This can be achieved either by using 
the corner etching procedure described in Chapter 3 or by using the ECV method 
described in Chapter 5. If the ECV method is used, a small area (0.100 cm2) of the 
sample is quickly etched down to the n+ layer using a 500-nm etch step before 
reducing the etch step to less than 50 nm at the n+ layer. Once an n+ doping 
concentration of above 1018 cm-3 is measured, the etching process is stopped and 
the sample is then removed. The advantages of using the ECV method are greater 
control of the etching process and reduced likelihood of shunting during the 
subsequent contact formation process. 
 
The second step is to make contacts from the sample to the EBIC stage. The 
contacts have to be reasonably ohmic and must have minimum shunting. We found 
that gallium indium (GaIn) paste helps in forming a good ohmic contact. This in turn 
reduces the series resistance. A low series resistance also improves the signal to 
noise ratio (SNR) of the EBIC signal. Figure 7.5 shows the sample preparation setup. 







































Figure 7.5. a) Photograph of the EBIC sample holder used. b) Schematic top-view diagram of the EBIC 
sample holder showing the preparation setup.  
 
 
Figure 7.6. Schematic diagram of EBIC contacting scheme of the poly-Si thin-film solar cell on glass.  
 
Figure 7.7 shows dark I-V measurement results of some contacting schemes 
that were tested. The samples without any paste were contacted directly with the I-V 
measurement needle spring probes. The I-V curves of samples without the paste and 
with only silver paste show relatively low forward bias currents for the poly-Si thin-film 
on glass sample (BAS8-10A2). Samples contacted only with silver paste showed a 







































Figure 7.7. Dark I-V measurements of the contacting schemes with no paste used, with only silver paste 
used and with GaIn and silver paste being used. The marked increase in the forward-bias current 
indicates a significantly improved contact when using both the GaIn paste and the silver paste.  
 
The last step is to prepare the sample in such a way that during the SE 
imaging, the EBIC imaging and the focused ion beam (FIB) milling can be done 
without moving the sample. This is also known as the “coincidence point”, which is 
defined as the point whereby electron and ion beams are focused at the same place. 
In our system, the coincidence point is located about 5 mm from the SEM column tip. 
This relatively small working distance means that one must be careful when placing 
the EBIC probe needle, to prevent accidental damage to the SEM system. For our 
system, the EBIC probe needle needs to be positioned as shown in Figure 7.5(b).  
 
7.2.4 FIB Milling for Cross-sectional SEM imaging  
Gallium ions are used for both milling and imaging in the FIB microscope. It is 
therefore expected that surface damage occurs during the imaging. This results in 
the formation of a thin amorphous layer on all surfaces being imaged, as well as the 
sidewalls of the milled regions. Rubanov et al. [14] found that the thickness of the 
damaged layers depends on the beam energy and it is independent of the beam 
current. The average thickness of the amorphous layer was found to be about 30 nm. 

























hundreds of nanometres, the amorphous layer is not expected to affect the high-
resolution EBIC images. 
 
The used FIB system is optimised for a beam voltage of 30 kV. The milling 
process is typically done several times. Typically the first milling process uses a 
relatively high current of about 8 nA, to quickly mill an area of about 30 µm × 5 µm. 
The first FIB trench typically uses a current of above 1 nA. Then the sidewall of the 
trench is further milled with a current of less than 600 pA over an area of about 30 
µm × 1 µm. Typically the chosen depth of the trench is about twice the film thickness 
to ensure that the film and glass interface is visible. The FIB imaging is done at 
current of 140 pA, to prevent excessive damage from the ion bombardment.  
 
7.3 Junction Location Comparison on Planar Samples 
 
In Chapters 5 and 6, the ECV method was introduced as a novel characteri-
sation tool for measuring the doping concentration profiles and for determining the p-
n junction location of poly-Si thin-film solar cells on glass. In this section, the p-n 
junction location results from the ECV method are compared with the junction 
location obtained from the EBIC method for planar samples. The steps for extracting 
the p-n junction location from the EBIC method are first described. Then selected 
planar sample results are presented and discussed. The p-n junction location for the 
textured sample will be discussed in a separate section. 
 
7.3.1 Method for Extraction of Junction Location using EBIC  
Figure 7.8(a) shows the SE image and Figure 7.8(b) the corresponding cross-
sectional EBIC image of a planar poly-Si diode on glass (BAS8-10A-1). The top edge 
of the cross-sectional region exposed by milling of the silicon is marked as air-side. 
The interface of the silicon and the glass substrate is marked as glass-side. It is 






Figure 7.8. a) SE image and b) EBIC image of a cross-section of a planar sample (BAS8-10A-1).  
 
The p-n junction location is determined by EBIC in the following steps. First, the 
EBIC image is overlaid on the SE image. We used a commercial software (Adobe 
Photoshop) to perform this task. The SE image provides rich topographical 
information as we can observe clearly the top silicon edge and the glass edge. The 
EBIC image provides good electrical information but poor topographical information. 
Since both images are taken in a synchronised manner, by overlaying the SE image 
on the EBIC image, we can identify the top silicon edge and glass-side edge in the 
EBIC image.  
 
Once the overlaying is done, the second step is to replace the SE cross-section 
portion of the image with the corresponding EBIC image. The rest of the EBIC image 
is then cropped away. The combined image is then exported and analysed using an 




Figure 7.9. The combined SE and EBIC images after replacing the cross-section portion of the SE 
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In the third step, the Gwyddion software is used to extract line profiles of the 
cross-section EBIC image of Figure 7.9. Each line has a width of about 10-20 pixels 
and a length of at least the thickness of the poly-Si film. Ten such lines are taken 
across the width of the FIB cut. From the line profiles, the beginning and the end of 
the profile that corresponds to the SE image are also known. This is because the 
combined image has a good contrast between SE and EBIC at the top silicon edge 
and the glass-side edge. The information on the start and the end of the profiles is 
needed to compare with the ECV obtained doping profile later. Figure 7.10 shows the 
location of the 10 lines for which the profiles were taken. The corresponding line 
profiles are shown in Figure 7.11.  
 
 




Figure 7.11. The 10 line profiles of EBIC image of the cross-section of a glass-side junction sample 
(BAS8-10A1).  
 
The last step is to perform averaging on the 10 measured EBIC line profiles. 
Figure 7.12 shows the resulting average EBIC line profile. Also shown in the Figure is 
the ECV obtained doping concentration profile of the same sample. 
 
SE + EBIC Image (combined image)

































Figure 7.12. The comparison between ECV obtained junction location and the EBIC obtained junction 
location for glass-side junction sample (BAS8-10A1).  
 
It should be noted that the accurate determination of the sample thickness from 
the SE image requires the identification of the interface between the silicon film and 
the barrier layer (glass-side) and the interface between the silicon film and the air 
(air-side). The accurate determination of glass-side is limited by the imaging contrast 
to identify glass and the barrier layer. The accurate determination of the air-side is 
limited by the non-sharp edge of the top silicon film. The edge of the film appears to 
be slightly rounded. The overall depth error due to these limitations is about ± 100 
nm. Hence the glass-side and air-side interfaces are determined from the ECV depth 
measurement.    
 
7.3.2 Results and Discussion 
As shown in Figure 7.12, the p-n junction location obtained from the EBIC 
measurements is relatively close to the junction location obtained from the ECV 
method. For the above sample BAS8-10A1, the p-n junction location difference 
between the two methods is about 200 nm. Note that the exact p-n junction location 
also varies across the sample’s cross-section, as shown by the varied EBIC signal 
peak positions in Figure 7.11. Note that the ECV depth is used for the comparison, 
instead of the ECV etched depth. More details on the difference between the terms 
depth and etched depth can be found in Chapter 5.  
 
Several other planar samples were also investigated. BAS4-12A is a planar 
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7.13(a) shows the average line of these 10 EBIC line profiles and the ECV obtained 
doping concentration. Figure 7.13(b) shows the combined SE and EBIC images. 
Note that this combined SE and EBIC images is different from the one shown in 
Figure 7.9. In this combined SE and EBIC images, the EBIC image is represented in 
red colour scale and it is overlaid on the SE image. BAS4-12A has an average VOC of 
about 467 mV. The difference between the EBIC and ECV obtained p-n junction 




Figure 7.13. a) The comparison between the ECV obtained p-n junction location and the EBIC obtained 
junction location for middle-located junction sample (BAS4-12A). b) The combined SE and EBIC images 
where the cross-section EBIC line profiles were taken. The red line indicates the junction location.  
 
Another planar sample, SPC10-10-2A, was also investigated. This planar 
sample has the p-n junction located near to the air-side (air-side junction). Figure 
7.14(a) shows the average EBIC line profiles and the ECV obtained doping concen-
tration. Figure 7.14(b) shows the combined SE and EBIC images. The EBIC image is 
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Figure 7.14. a) The comparison between the ECV obtained junction location and the EBIC obtained 
junction location for air-side p-n junction sample (SPC10-10-2A). b) The combined SE and EBIC images 
where the cross-section EBIC line profiles were taken. The red line indicates the junction location. 
 
SPC10-10-2A has an average VOC of 424 mV and also there was no capping 
oxide deposited after the p+ a-Si:H layer. From the ECV doping profiles, the sample 
has an n-type absorber layer. The origin of the non-uniform p-n junction as visible in 
the EBIC image in Figure 7.14 is unknown. One possible explanation is diffusion of 
boron atoms from the ambient into the samples during the RTA step. Hence, the p-n 
junction is most likely formed during this step of the process. Boron contamination in 
the RTA chamber would likely come from outgassing of boron from the borosilicate 
glass. The difference between the EBIC obtained and ECV obtained p-n junction 
location is about 200 nm for SPC10-10-2A. 
 
7.4 Junction Location for Textured Samples 
7.4.1 Results 
In Chapter 5 we observed three measurement artefacts in the ECV results of 
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tration in the emitter layer, broader emitter region and sudden switch to n-type doping 
at the BSF. The hypothesis based on porous silicon and the increase in the active 
area needs to be investigated further. Moreover, the ECV result on one of the 
textured samples (BAS2-15) is similar to the results of the planar samples. The 
textured sample (BAS2-15) is free from the mentioned measurement artefacts 
(except the significant step increase in the n-type doping concentration). In this 
section, we propose an alternative hypothesis based on the fluctuation of the junction 
location in the textured samples. 
 
Figure 7.15 shows the selected results of the combined SE and EBIC images 
of some textured samples. Image (a) shows the variation in the junction location from 
the glass-side whereby the junction at location A1 is closer to the glass than at A2. 
The presence of voids at location A2 may have pushed the junction up towards the 
air-side. This could be due to the presence of a high phosphorus concentration 
around the voids. The diffusion of phosphorus during the RTA step could lead to a 
shift of the p-n junction away from the glass-side. The impact of the presence of 
these voids on the VOC of the textured samples will be discussed in later section. 
Images (b) and (c) show the variations of the p-n junction location with respect to the 
glass-side interface. It is observed that the p-n junction at locations B1 and C1 is 
closer to the glass than at locations B2 and C2. It is also observed that the p-n 
junction bypasses the texture feature at locations B2 and C2 while the p-n junction 
conforms to the texture features at locations B1 and C1. Image (d) shows the case 
where the p-n junction conforms to the texture features in most locations, but it is 
slightly closer to the glass-side interface at D1 than at D2. 
 
In addition, the p-n junction appears to follow the silicon surface morphology 
instead of the morphology of the textured glass pane. A good example for this 





Figure 7.15. Combined SE and EBIC images of various textured samples: a) and b) BAS10-16-2, c) 
BAS10-22-2 and d) BAS10-12. These samples show a considerable variation in the distance of the p-n 
junction from the glass-side interface.  
 
7.4.2 Discussion 
The aspect ratio of the texture feature could be one of the factors that explain 
the p-n junction bypassing the texture feature observed in location B2 and C2 (see 
Figure 7.15). Texture feature can generally be divided into two types: low aspect ratio 
(LAR) and high aspect ratio (HAR). Figure 7.16 shows the diagram explaining the 
relationship between the aspect ratio and the p-n junction formation seen in location 
B2 and C2. To simplify the illustration, a diode with only two layers (n+/p-) is used. 
The simplified texture feature with a step profile is used instead of a curved profile. 
We also assumed a conformal PECVD deposition of the a-Si:H film and an isotropic 
diffusion process. The p-n junction formed by the interface between the n+ emitter 
and the p- absorber is shown by a purple line.  
 
As-deposited film may have conformed to both LAR and HAR texture features 
giving a p-n junction conforming to the texture features. However, during high-
temperature annealing such as SPC (T > 600 C) and RTA (T > 900 C), diffusion of 
dopants (phosphorus in this case) is to be expected [15, 16]. This is often referred to 
as “dopant smearing”. During high-temperature anneal, the phosphorus dopants 
diffuse into the p- absorber layer, forming a thicker n-type layer. For the case of HAR 
texture feature (see Figure 7.16(b)), the n+ layers from both sidewalls can even 
overlap and thus eliminate the p- region between the steep sidewalls of the texture. 






BAS10-22-2 SE+EBIC Image 3 µm
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As a result, the p-n junction bypasses the texture feature. In the case of a LAR 
texture (see Figure 7.16a), this bypassing effect of the p-n junction does not happen.  
 
 
Figure 7.16. Diagram to explain the influence of aspect ratio on the final p-n junction location formation. 
As-deposited silicon and after annealing diode structures on a) LAR texture feature and b) HAR texture 
feature. Purple line at the interface between n
+
 emitter and p
-
 absorber indicates the p-n junction.  
 
It should be noted that the above explanation is just a simplified illustration to 
explain the phenomenon of p-n junction bypassing the texture feature. In reality, 
additional factors could have contributed to the final junction formation. For example, 
actual texture feature size and shape across the sample could determine the amount 
of overlaps. Moreover, the concentration of the phosphorus atoms in the n+ layer 
influences the extent of dopant smearing. Non-uniformity of the a-Si:H deposition 
affects the uniformity of the dopant concentration profile along the sample’s cross-
section.  
 
The fluctuating p-n junction location in textured samples is a possible 
explanation of the measurement artefacts seen in the ECV doping profiles of the 
textured samples, as described schematically in Figure 7.17. To simplify the 
illustration, a step profile variation in p-n junction and planar substrate are used to 
simulate the equivalent junction location variation at location A2 in Figure 7.15a. A 
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doped layers are a highly doped n+ layer, a lowly doped n- layer, a lowly doped p- and 
a highly doped p+ layer.  
 
 Figure 7.17(a) represents the un-etched initial conditions of the samples. As 
the etching progresses, the C-V measurement would be a mixture of n-type and p-
type doping regions as shown in Figure 7.17(b). If the total area and the 
concentration of n-type region are sufficiently high, the C-V measurement could 
result in n-type doping concentration. This could lead to the early switching of the p-
type doping to n-type doping. Figure 7.17(c) shows the C-V measurement of a 
mixture of low and high n-type doping concentration layers. The origin of the low and 
high n-type doping concentration layers was due to the smeared n+ emitter layer 
discussed in Chapter 6. This could possibly lead to the increase in step factor and 
widening of n+ emitter region with wide half-width at half maximum (HWHM) 
discussed earlier (see Chapter 5 for more details).  
 
 
Figure 7.17. Schematic diagrams to explain the unexpected behaviour of the ECV doping profiles of 
textured samples. Step profile variation in p-n junction and planar substrate are used to simplify 
illustration. The red and blue lines in b) indicate the n-type and p-type doping concentration, respectively. 
The light red and deep red in c) indicate the low and high n-type doping concentrations, respectively.  
 
In addition to the variation in p-n junction location from the glass-side, the 
textured sample also has variation in terms of thickness. From the thickness 
measurement from the SE image shown in Figure 7.18, the thickness at location A is 
about 2.2 µm while the thickness at location B is about 3.3 µm. Moreover, the line 
profiles across the cross-section of the textured sample are taken. From the line 
profiles, we observed a greater variation in the distribution of peak EBIC signal as 
compared to planar sample. Figure 7.18 shows the combined SE and EBIC images 
of the sample BAS10-16-2. Note that the cross-section portion of these images is the 
EBIC image (see Section 7.3.1). The red lines in Figure 7.18 indicate the locations 
where the line profiles were taken. The corresponding plots of the 10 EBIC line 





























Figure 7.18. The red lines indicate the locations where the line profiles are taken at a) hill and b) valley 
of the textured features. The cross-section portion of the image is the EBIC image.  
 
From the line profiles in Figure 7.19, we observed that the p-n junction 
locations (i.e., peaks of EBIC signals) of textured sample BAS10-16-2 vary more as 
compared to the planar sample BAS8-10A1 (see Figure 7.11). The EBIC signal of the 
10 line profiles of the planar sample reduce uniformly (i.e. terminates at same depth) 
near the glass interface as a result of a more uniform thickness. In contrast, the EBIC 
signal of the 10 line profiles of the textured sample reduces non-uniformly (i.e. 




Figure 7.19. The corresponding 10 EBIC line profiles of the cross-section of BAS10-16-2. The lines are 






















































7.5 Cross-sectional Analysis of Textured Samples 
7.5.1 Presence of Voids in Textured Samples 
As discussed earlier in Chapter 2, in order to increase the chances of poly-Si 
thin-film solar cells on glass entering the PV market, the target conversion efficiency 
has to be above 13 %. One possible way of achieving higher conversion efficiency is 
to improve the JSC via light trapping. In our case, the light trapping is improved 
through the AIT glass texturing method described earlier. Our textured sample 
structure is shown in the Figure 7.20.  
 
 
Figure 7.20. Schematic structure of a textured poly-Si thin-film diode on glass.  
 
7.5.1.1 Results 
When establishing the baseline process for the textured samples in our lab, we 
encountered a fluctuation in the device performance of the textured samples. The 
measured VOC ranged from as low as 410 mV to as high as 480 mV. The summary of 
VOC and pFF of selected baseline textured samples is shown in Figure 7.21. On each 
sample, fifteen 1-Sun VOC measurements were taken across a total area of 300 cm
2. 
The standard deviations of the measured VOC and pFF values are plotted as error 
bars.  












Figure 7.21. Summary of the a) VOC and b) pFF of the selected textured samples.  
 
Figure 7.22 shows a series of images of the selected textured samples. In each 
case, an SE image and a combined SE and EBIC image are shown. In the combined 
SE and EBIC images, the EBIC image is represented in red colour scale and it is 
overlaid on the SE image. During this period of time, an alternative FIB system was 
also used (Quanta 200-3D from FEI, the U.S.). However, due to the limitation of the 
focusing of the system, some of the textured samples suffered from the “FIB curtain 
effect” [17]. Instead of obtaining the desired sharp and flat cross-section, the surface 
of the cross-section appears to be mapped onto the topography of an undulating 
curtain [18]. This is most likely due to the silicon surface morphology and voids at the 
silicon surface. The FIB curtain effect was minimised by optimising the focusing 
before each milling process began. Each milling process has a different beam 
current. The focusing is done for these different beam currents. 
 
The mild FIB curtain effect is not expected to influence the p-n junction 
determination. In some samples where the curtain effect is more severe, there is an 












































































































































































































likely due to the scattering of the electrons as a function of surface morphology. 
Hence it resulted in a variation of the EBIC signal due to the surface morphology 
variation. We repeated the milling process on various areas of the samples and 










a) BAS10-21-2 (low VOC) 








b) BAS10-21-2 (low VOC) 








c) BAS10-16-2 (low VOC) 








d) BAS10-16-2 (low VOC) 










Figure 7.22. A series of SE images and combined SE and EBIC images of textured samples.  
  
Figure 7.22(a) to (d) show that voids exist in these relatively low-VOC samples 
(BAS10-21-2 and BAS10-16-2). At location A in Figure 7.22(a), the p-n junction 
seems to be interrupted by the presence of voids. At location B in Figure 7.22(b) the 
p-n junction seems to be disturbed, as indicated by the narrower depletion region. At 
location C in Figure 7.22(c) the p-n junction seems to be displaced by the presence 
of voids, whereby the p-n junction appears to be pushed upwards to the air-side 
interface of the diode. At location D in Figure 7.22(d), the p-n junction seems to be 
interrupted by the presence of voids.  
 
Figure 7.22(e) to (h) show the presence of voids in relatively high-VOC samples 





e) BAS10-12 (highVOC) 
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formation conforming to the textured features. Also, there were no voids found in the 
cross-section of this sample. However, voids were found at the surface, for example 
at location E. Figure 7.22(f) shows the disturbed p-n junction indicated by the lateral 
variation in the EBIC signal intensity. At location F we observed a weak EBIC signal, 
although there are no voids near this area. Figure 7.22(g) shows that the p-n junction 
is not conforming well to the texture features. At location G, the p-n junction 
bypasses the texture feature (a possible reason for this was given earlier in Section 
7.4.2).  
 
Finally, Figure 7.22(h) shows the textured sample BAS2-15 from the earlier 
series of baseline deposition. This sample was processed differently whereby it has 
only a single barrier layer of SiNx between the glass and the active silicon materials. 
There was also no final capping SiOx deposited. This sample does not show any 
voids in the cross-sectional region and at the surface, and its average VOC (482 mV) 
is about 20 mV higher than that of the other high-VOC samples (BAS10-12 and 
BAS10-22-2). 
 
We categorised the observed voids into two categories, based on their 
locations: voids located in the cross-sectional region formed by the FIB cut and voids 
located near/at the sample’s surface, as shown in Figure 7.23.  
 
 
Figure 7.23. Presence of voids in the cross-section and near/at the surface.  
 
  








Table 7-1 summarises the average VOC and the presence of voids of selected 
textured samples.  
 






Voids in cross 
section 
Voids near/at the 
surface 
BAS10-2 428  12 
low VOC 
Yes Yes 
BAS10-10 432  21 Yes Yes 
BAS10-16 426  19 Yes Yes 
BAS10-21 429  13 Yes Yes 
BAS10-12 464  15 
high VOC  
No Yes 
BAS10-22 467  9 Yes Yes 
BAS2-15B* 484  6 No No 









From the EBIC imaging results, there is no direct correlation between the voids 
and the overall VOC of the devices. On some high-VOC samples we observed that the 
voids actually interrupted or altered the p-n junction while some voids appear not to 
influence the p-n junction. Voids were found in both samples BAS10-21-2 and 
BAS10-22-2 while the average VOC of these two samples differ by about 40 mV. For 
sample BAS10-12-2 (which also has a relatively high VOC), we found no voids in the 
cross-section but voids were present near/at the surface. Qualitatively, the size and 
density of voids correlate with the VOC of the diodes. It appears that the low-VOC 
samples have larger voids and a higher density of voids. However, at this moment in 
time, we do not have sufficient data and evidence to confirm this hypothesis.  
 
Figure 7.24 shows the pseudo fill factor (pFF) against the VOC of the above-
mentioned textured samples. The calculated relationship between pFF and VOC for 
diode ideality factors of n = 1 and 2 are also shown.  
 
From the pFF versus VOC plot, the low-VOC samples have a larger pFF as 
compared to high-VOC sample. This could indicate a more influencing role of the n = 2 
recombination process. The enhanced n = 2 recombination could be due to the 




The cross-section EBIC results mainly give information about the p-n junction 
location and electrically active defects at/near the p-n junction region of the investi-
gated thin-film diodes on glass. The extent of the impact of the presence of voids on 
the recombination at the p-n junction is unknown at the moment. In addition, the 
cross-sectional EBIC images do not give information about the extent of n = 1 
recombination. We speculate that the presence of voids may have influenced the 
overall VOC through other means, such as a disturbed crystallisation process. If the 
voids were formed during the deposition itself, the subsequent crystallisation process 
would be affected, causing a poorer crystal quality. As a result, this could lead to 
increased recombination and reduced VOC. It is also likely that the disrupted junction 
affects the current collection efficiency and hence potentially reduces the JSC. 
 
 
Figure 7.24. Plot of pFF against VOC for selected BAS10 samples. Low-VOC samples have larger pFF 
as compared to the high-VOC samples. This could indicate that low-VOC samples suffered more from 
junction recombination than high-VOC samples. 
 
The origin of these voids, and ways to avoid their formations, are an important 
subject for future investigation. From Figure 7.24, even though sample BAS2-15B 
has the highest VOC and is free from voids, there is still a gap between the highest 
pFF achieved in this experiment and the limit imposed by n = 1 recombination. This 
indicates that the diode can be improved further. In addition, the impact of hole 
formation on the metallisation is also yet to be investigated. The metallisation 
scheme typically involves etching and deposition of aluminium. The voids could lead 
to a non-uniform etching process. This could affect the robustness of the 







































7.5.2 Shorter Hydrogen Diffusion Path in Textured Samples 
As discussed in Chapter 4, one of the benefits of the textured sample is the 
shorter diffusion path for hydrogen to the junction. Hence it could lead to a more 
efficient passivation of defects in the junction region. It was first proposed by Keevers 
et al., but experimental evidence has been lacking [3]. In this short section, we 
present experimental evidence that the diffusion thickness is indeed shorter than the 
deposition thickness. 
 
Figure 7.25 shows the combined SE and EBIC images of textured sample 
BAS2-15. The hydrogen diffusion thickness, A, is shorter than the deposited silicon 
thickness, B, agreeing with the proposed schematic by Keevers et alia. 
  
 
Figure 7.25. Combined SE and EBIC images of BAS2-15 to illustrate the shorter hydrogen diffusion path 
during the hydrogenation process. 
 
As discussed in Chapter 4, the textured samples have lower saturation 
temperature (Tsat) as compared to planar samples, i.e. they reach VOC saturation 
(Vsat) at a lower hydrogenation temperature. We assumed that the sufficient 
passivation of defects at the junction located near to the glass-side is necessary to 
reach the Vsat. Then the shorter diffusion path of hydrogen leads to a more efficient 
passivation in terms of process parameters such as time of exposure to hydrogen 
plasma, substrate temperature, and surface concentration of hydrogen. This could 
explain the observed lower Tsat in the textured samples as compared to the planar 
samples. 
 
Widenborg et al. also reported an improvement in internal quantum efficiency 
(IQE) of the 3.3 m thick textured sample as compared to the planar sample for 
wavelengths in the 350 - 650 nm range [19]. This indicates a better blue response of 
the textured sample compared to the planar sample. Assuming that the reported cell 
SE + EBIC Image
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had its p-n junction near the glass-side, a better blue response indicates a better 




For the planar samples, the junction location obtained by the ECV method is 
comparable to that obtained by the EBIC method. However, on the textured samples, 
the doping profiles obtained from the ECV method are affected by measurement 
artefacts, as discussed earlier. This can be explained by the varying p-n junction 
location in the textured samples, as evidenced by cross-sectional EBIC imaging. The 
p-n junction bypassing the texture features could be explained by the relationship 
between the diffusion of the dopants during annealing processes and the aspect 
ratios of the texture features.  
 
We also found voids inside and near/at the surface of the textured samples. 
While we found no strong correlation between the density of the voids and the device 
VOC, this subject is worth to be further investigated in the future, for several reasons: 
1) the voids could limit the VOC of the textured samples through a disturbed crystalli-
sation process, 2) the disrupted p-n junction could lead to lower JSC and 3) the 
robustness of the metallisation process could be affected due to a non-uniform 
etching process. 
 
In this chapter we also showed that the textured samples have a shorter 
diffusion path during the hydrogenation process as compared to the sample thick-
ness. This possibly explains why the textured samples have a lower Tsat as compared 
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CHAPTER 8 -  CONCLUSIONS, ORIGINAL 
CONTRIBUTIONS AND FUTURE WORKS 
8.1 Conclusion 
 
This thesis investigated the post-crystallisation treatment and characterisation 
of solid phase crystallised (SPC) poly-Si thin-film solar cells on glass. Modified 
process methods were explored to further scale up the fabrication process. Further-
more, advanced characterisation methods were applied to better understand the 
impact of several fabrication processes on the device properties. 
 
Due to the non-availability of a commercial Suns-VOC tester for measuring 
large-area samples, a home-built system was designed, developed and 
commissioned to measure the open-circuit voltage (VOC) of the superstrate-
configuration solar cells. We showed that the tester can be scaled up to an area of 
25×35 cm2, while still maintaining good spatial uniformity of the light intensity. The 
filter improved the spatial non-uniformities of the 1-Sun and 0.1-Sun light intensities 
from 8 % to 3 %. VOC is an important parameter as a measure of the quality of the 
diodes after the rapid thermal annealing (RTA) step. The capabilities of the Suns-VOC 
tester were found to be very useful for the development of poly-Si thin-film solar cells 
at SERIS. In addition, the Suns-VOC tester was also used to measure c-Si wafer solar 
cells with all-back-contact structure. 
 
A linear microwave plasma source (LMPS) based system for generating 
hydrogen plasma was shown to be scalable, uniform, and industrially feasible. Both 
the relatively low substrate temperature (~ 450 ºC) and the relatively low gas flow 
rates used are favourable from a cost perspective. Excellent hydrogenation results 
were obtained using a hydrogenation temperature of about 480 C, a microwave 
power of about 1000 W for each of the four microwave generators, a gas flow rate of 
30 sccm for Ar and 90 sccm for H2, and a low process pressure of less than 0.07 
mbar. In addition, the hydrogen concentration inside the poly-Si thin-film diodes was 
found to be similar to that achieved by the CSG Solar. From the temperature series 
experiment, it was also found that the textured samples have lower saturation 
hydrogenation temperature (Tsat) as compared to the planar samples. By using 
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combined cross-sectional scanning electron microscopy (SEM) and electron beam-
induced current (EBIC) imaging methods, it was later revealed that the shorter 
hydrogen diffusion path is the likely reason for the observed lower Tsat. 
 
We found that there is a difference between the average doping concentration 
measured by the electrochemical capacitance-voltage (ECV) method and the Hall 
method. Furthermore, we found that porous silicon formation occurred during ECV 
measurements on samples that had received a hydrogenation process. We also 
found that ECV measurements on textured poly-Si thin-film diodes on glass resulted 
in three possible measurement artefacts. The measurement artefacts are most likely 
due to a varying p-n junction location in the textured samples, as revealed by EBIC 
measurements. While the ECV method has been successfully applied to planar poly-
Si thin-film diodes on glass, the application to textured samples still needs further 
investigation.  
 
In this work, the impact of the RTA peak temperature (TRTA) on poly-Si thin-film 
solar cell diodes on planar and textured glass was investigated. For planar samples, 
it was found that the VOC has its maximum, and the sheet resistance (RSheet) of the p-
type regions its minimum, at a TRTA of about 1000 C. The average efficiency of the 
solar cells made with a TRTA of 1000 C is about 4.3 %. It was also found that, due to 
the RTA process, the junction depth shifted from about 0.35 m to about 0.90 µm 
from the glass-side interface. For textured samples, the average VOC obtained was 
below 400 mV. The relatively low average VOC obtained is most likely due to the 
presence of defective features (e.g. voids) at the silicon surface and in the bulk of 
textured samples. 
 
Boosting the poly-Si thin-film diode’s JSC can be achieved through texturing of 
the glass substrate. However, during the process of establishing a baseline process 
for textured samples, we found that voids were formed within the poly-Si films and 
near/at the air-side surface. We found no strong correlation between the density of 
the voids and the VOC. However, due to insufficient data, we could not draw a firm 
conclusion. The presence of voids could limit the device performance by affecting the 
crystallisation kinetics, the current collection efficiency, and the metallisation process. 





8.2 Original Contributions  
 
The main contributions of this thesis to the progress of post-crystallisation 
treatment and characterisation of poly-Si thin-film solar cells on glass are:  
 Design, development and commissioning of a Suns-VOC tester for large-area 
thin-film superstrate solar cells and all-back-contact solar cells. The tester was 
the backbone in this thesis for the optimisation of the fabrication process of poly-
Si thin-film solar cells on glass.  
 Application of OES as a simple and inexpensive characterisation tool for 
optimising the hydrogenation process, by recording the emission from the 
hydrogen Balmer series.  
 Demonstration of the use of a linear microwave plasma source (LMPS) for static 
large-area hydrogenation of poly-Si thin-films with an area of up to 25 cm × 25 
cm.  
 Application of the electrochemical capacitance-voltage (ECV) method to planar 
poly-Si thin-film solar cells on glass as a method for doping concentration 
profiling. Furthermore, a comparison was made between the average doping 
concentration obtained by the ECV method and the Hall method.  
 Observation of porous silicon formation during the ECV measurement process 
on hydrogenated poly-Si thin-film materials. Furthermore, ECV measurement 
artefacts were observed when measuring textured samples and the fluctuating 
p-n junction location was proposed to be the reason for the observed artefacts.  
 A method for making electrical contacts enabling EBIC measurements on poly-Si 
thin-film solar cells on glass was developed. 
 Sub-micron cross-sectional EBIC imaging on poly-Si thin-film solar cells on glass 
was performed. The main application is to reveal the p-n junction location in the 
textured samples.  
 Presented an alternative analysis of diode quality using the plot of pseudo fill 
factor (pFF) against the VOC of the samples and compared it to the ideal n = 1 
and n = 2 diode behaviours. The aim of the process optimisation was to achieve 





8.3 Proposed future works 
 
The current post-crystallisation treatment of poly-Si diodes on glass can be 
further improved. For example, the RTA step can be improved by selectively heating 
the poly-Si diode without heating the glass excessively. The impact of this selective 
heating on the barrier layers, device performance, junction location and defects 
should be investigated as well. An improved barrier layer is also one of the topics that 
should be investigated in relation to the RTA process parameters. In addition, the 
hydrogenation process by a LMPS can be further optimised, by reducing the distance 
of the sample from the plasma source (and thereby increasing the hydrogen concen-
tration at the sample surface). The surface doping concentration and its impact on 
the passivation of defects in the poly-Si film can be investigated using the SIMS and 
the Suns-VOC methods.  
 
Extending the application of the ECV method to hydrogenated textured 
samples would be beneficial. Further research work would also be needed to under-
stand the reason(s) for the linear increase of the doping concentration of hydro-
genated textured films. One task would be a systematic study of the impact of the 
texture features and the doping concentration (e.g. using stacked layers of different 
doping concentrations). Alternative characterisation methods such as scanning 
capacitance microscopy (SCM) can be compared to the ECV method. A comparative 
study using these two methods could give a better understanding of the 
measurement artefacts in the ECV measurement on textured samples, as well as a 
more accurate correction factor for the textured samples due to the increased surface 
area factor.  
 
In addition, the ECV method and the pFF versus VOC analysis could be used to 
further optimise the PECVD deposition parameters. The doping concentration 
profiles of each doped layer (n+, p- and p+) should be further investigated using the 
ECV method, to obtain the ideal step profile, layer thickness, and doping concen-
trations. The PECVD deposition parameters can be optimised as a function of pFF, 
to achieve the smallest pFF. 
 
The origin of the voids and ways to avoid their formation in textured samples 
should also be investigated. The formation of the voids likely occurs during the 
PECVD deposition process. Furthermore, the relationship between the texture 
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features and the final p-n junction location after post-crystallisation treatment should 
be optimised as a function of the short-circuit current density (JSC) and fill factor (FF). 
Although the aluminium-induced texturing (AIT) method has been shown to provide 
excellent light trapping properties for poly-Si on glass diodes [1], the shape of the AIT 
texture is of random nature. A texturing method that has a precise pre-determined 
texture would be advantageous. Investigation of such textures using the established 
cross-sectional SEM and EBIC method can lead to a deeper understanding of how 
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